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Foreword

THIS REPORT is Part III of a study on Space-Cabin Atmospheres, conducted under

sponsorship of the Directorate, Space Medicine, Office of Manned Space Flight,

National Aeronautics and Space Administration. Part I, "Oxygen Toxicity,"

was published as NASA SP--,47, and Part II, "Fire and Blast Hazards," as NASA

SP-48. The final report, Part IV, "Engineering Trade-Offs of One- Versus Two-

Gas Systems," will complete the series.

This document provides a readily available summary of the open literature

in the field. It is intended primarily for biomedical scientists and design engineers.

The manuscript was reviewed and evaluated by leaders in the scientific

community as well as by the NASA staff. As is generally true among scientists,

there was varied opinion about the author's interpretation of the data compiled.

There was nonetheless complete satisfaction with the level and scope of scholarly

research that went into the preparation of the document. Thus, for scientist

and engineer alike it is anticipated that this study will become a basic building

block upon which research and development within the space community may

proceed.

JACK BOLLERUD

Brigadier General, USAF, MC

Acting Director, Space Medicine

Offtce of Manned Space Flight
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Introduction

What has been is what shall be

What has gone on is what shall go on

And there is nothing new under the sun.

Men may say of something, "Ah, this is new!"

But it existed long ago before our time.

The men of that old time are now forgotten,

As men to come shall be forgotten,

By those who follow them.

Ecclesiastes 1 : 9-11

THAT THE CHEMICALLY INERT GASES are far from inert physiologically has been

known for over a half century. Caisson engineering, submarine technology,

and aviation have, in turn, been plagued with this phenomenon. This study of

space-cabin atmospheres will consider the problem.

The physiology of inert gases in space cabins will be approached from an

operational point of view. Chapter 1 reviews the physical chemistry of inert

gases as it bears on physiological realities. Subsequent chapters treat reviews

of the prime role of inert gases in decompression sickness; general physiology

of inert gases in biological systems; engineering aspects of inert gases in space

cabins; and those considerations directly related to the selection of space-cabin

atmospheres optimally suited for specific space missions.



CHAPTER 1

Physical Chemistry of Inert Gases

THE INERT GASES available as diluents of oxygen

in space-cabin atmospheres are helium, neon,

argon, krypton, xenon, radon, and nitrogen.

Radon, a radioactive gas, can be immediately
eliminated as a diluent and is not included in

the discussion. All except nitrogen are ele-

ments of the helium group, or "Group 0," of the

periodic table. The atoms of these elements
have stable and "satisfied" electronic valence

structures. Unlike the atoms of nitrogen or

oxygen, the atoms of the helium-group gases do

not combine in the gas phase to form stable
diatomic molecules. The "aloofness" of these

essentially monatomic gases has led to the term

"noble gases."

An excellent, exhaustive review of inert gases

has been recently presented by Cook et a12 °9

Much of the physical data presented in this

study is taken from this source. Emphasis is

placed on those physical and chemical factors

that directly influence the biochemical and

physiological activities of these gases.

ATOMIC STRUCTURE

Most of the physical and chemical properties

of the noble gases are atomic properties; that is,

properties of the individual atoms. The quan-

tum mechanical considerations which ultimately

determine these properties are beyond the scope

of this review. From spectroscopic data, it

had been thought for many years that there were

no unpaired electrons in the nol_le gases, that

the outer electron shells were filled, and that

only van der Waals forces were available for

chemical binding. Recent discovery of many

stable compounds of xenon and radon 5 and un-

stable compounds of krypton and argon 120 has

led to a drastic change in this concept. It now

appears that xenon can undergo covalent bond-

ing with fluorine. 5 The covalent bonds are

formed with 10 electrons in the valence shell and

hybridized sp3d orbitals to form XeFz, with 12

electrons in the valence shell and sp3_ orbitals

to form XeF4, and with 14 electrons in the va-

lence shell and sp3d 3 orbitals in XeFn. The

potential for bonding lies in the five 3d unfilled

orbitals of argon, the five 4d orbitals of krypton,
and the five 5d orbitals of xenon. Because of

the high energy required for hybridizing their

orbitals, neon and helium atoms appear to have

no ionic or covalent bonding potential. It must
be remembered that even the xenon fluoride

compounds are very unstable. Exposure to

water vapor of the air immediately results in
their conversion to oxide. It would be most

unlikely that noble gas compounds of this type

could exist in the preaence of biological fluids.

Nitrogen gas is a diatomic molecule. The

arrangement of the 10 valence electrons in the

molecule probably resonates between the :NiiiN:
and the :N::N:' states of the molecule, resulting

in a diamagnetic structure with a heat of disso-

ciation that is probably greater than that of any
other diatomic molecule. From thermal data,

it has been calculated that at 8000 ° -C the gas is

only 40 percent dissociated into atomic nitrogen.

It appears that only in the nitrogen fixation

process of free soil bacteria or in bacteria-

legume nodule systems is nitrogen dissociated

into the active-N form at low temperatures by

the enzyme nitrogenase.

PHYSICAL PROPi_RTIES OF INERT GASES

Table l is a summary of the physical proper-

ties of the inert gases to be considered for use

in space-cabin atmospheres. It must be re-

membered that the actual space cabin will have

a mixture of oxygen and inert-gas diluent. Since

oxygen mixtures will be used at several different

total pressures, the data of table 1 can be used

1



2 PHYSIOLOGICAL FACTORS OF INERT GASES

only indirectly in making engineering calcula- comparative contributions of the physical char-
tions. However, the table does present the acteristics of each gas to the problems at hand.

TABLE 1. -- Physical Properties of lnert Gases

Property

Atomic number .......

Molecular weight .....

Color

Density, gm/liter, at

0 ° C and 1 atm .....

Heat capacity (Co)

at 25 ° C and 1

atm, cal/°C-gm -

mole ..................

Specific heat ratio at

0 to 20 ° C,

CdC ..................

Sound velocity at

0 ° C and 1 atm,

m/sec .................

Acoustic impedance

at 0 ° C and 1 atm,

dyne-sec/cm a.......

Thermal conductiv-

ity at 0 ° C and 1

atm, cal/°C-cm-sec

Viscosity at 20 ° C

and 1 atm,

micropoise ..........

Critical properties:

Density,

gm/cm a........

Pressure, atm...

Temperature,

° C ...............

Gas

Reference

He Ne A Kr Xe Nz

0.1784

2 10 18 36

4.00 20.18 39.94. 83.80

1.784

Colorless

3.7080.9004

4.974.97

1.63 1.67

319

4.97

1.69

213

54 7

131.30 28.00

5.851

4.97

1.67

1.251

6.96

1.404

337

109

109, 238

109, 238

2O2

109, 202

970

17.3

34.0 x 10 -5

4.97

1.64

435

38.5

11.04 x 10 -_

194.1 311.1

0.069 0.484

2.26 26.9

--228.7- 267.9

168

56.9

3.92 × 10 -_

221.7

0.531

_.0

- 122.44

2.09 × 10 -5

249.6

0.908

54.3

-- 63.8

1.21×10 -5

226.4

1.105

58.0

16.59

42.1

5.66 × 10 -5

175.0

0.3110

33.54

-- 146.9

109, 202

202

109, 202

109, 202

109, 202

109, 202

109, 202

In the appropriate sections of this work at-

tempts will be made to define data for specific

cabin temperatures, pressures, and gas mixtures.

No data for the liquid phase of these gases are

presented other than the critical properties.

Liquid-phase data are given in the engineering

tradeoffs of part IV of this series.

Density.- In table 1 it can be seen that the

densities of the inert gases increase, as ex-

pected, with increase in molecular weight. The
densities may be calculated from the normal

volumes and atomic weights.

Heat Capacity and Specific Heat Ratio.-

The hdat capacity of all the monatomic gases is

constant, and the Cp/Cv ratios are essentially
the same.

Sound Velocity.-The velocity of sound in the

inert gases varies considerably with tempera-

ture, but only slightly with pressure. In table 1

it is seen that the velocity of sound decreases

rapidly as the molecular weight increases. The

velocity of sound for any gas or gas mixture can
be calculated from the molecular weight, specific

heat, and a suitable equation of state for the gases

involved. 59

Acoustic Impedance.-Values for acoustic im-

pedance in table 1 are seen to increase with

molecular weight. Acoustic impedance is a
function of the density of the gas times the

velocity of propagation or, looking at it another

way, acoustic impedance is the ratio of the sound

pressure to the particle velocity of a gas. These
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physical factors are important in determining
the voice-communication and noise factors within

the space cabin.

Thermal Conductivity.-The thermal conduc-

tivity is an inverse function of the molecular

weight of the gas. This factor is of great im-

portance to the thermal balance of the crew

within a space cabin. Prediction of thermal

conductivities of binary mixtures, of monatomic

and diatomic gases is possible through com-

plex manipulation of kinetic theory equa-

tions.l°s, 40s,a°7,77 Figure 1 is an example of

such data. The cgs values of table 1 may be

converted to the English system (Btu-ft-Lhr -_-

°F -_) by multiplying them by 241.9. Thermal

conductivity plays a major role in determining

air-conditioning requirements in the space cabin

covered in chapter 4 and in the engineering trade-

off studies in part IV of this series.

Viscosity.-The values for the absolute or

dynamic viscosity are given in micropoises. A

poise is the tangential force per unit area (dynes/

cm 2) required to maintain unit difference in

40

32

28

y 24
o

" 20

16

12

I i i I

(

4 i

O_-Xe
0 r I i
0 20 40 60 80 100

Monatomic gas, percent

velocity (1 cm/sec) between two parallel planes

separated by 1 cm of fluid. There is some

difference between the dynamic viscosities of

the noble gases. The viscosity of binary mix-

tures of monatomic and diatomic gases may be

predicted from complex kinetic theory equa-
tions. 1°7 Viscosity factors must be considered

in gas-flow calculations for the design of air-

conditioning systems.

Critical Properties.-The critical properties
of inert gases determine the ease with which

the gases may be liquefied. Table 1 shows that

the gases of lower molecular weight require

greater pressures and lower temperatures for

liquefaction. These factors determine the

volume and: weight penalties for cryogenic

storage. Another physical factor determining

gas-phase storage of the noble gases is the com-

pressibility of the gas or deviation of the gas

from the "ideal" in the equation of state. Figure

2 shows graphically, starting with a given mass

of gas at unit pressure, P, occupying unit volume,

F, at 21 ° C (70 ° F), the values of the product of

pressure P and volume V for the same mass at

the same temperature and at any pressure up

to 2000 psig. The dashed line indicates the

ideal gas with molecules occupying no space

and being neither attracted nor repelled by one

another, PF=constant. The atoms of helium

and neon repel each other and are less compres-
sible than "ideal." The atoms of the other

gases attract and are more compressible. In

determining the total volume of any stored gas

1.2
1.1

1.0

0.9

>" 0.8
"" 03

_> o.6
O.5

0.4

0.3

I I I I I I I I I I I I I I r I I I ] I I

- Helium and neon _1 _-'1 "'_-"_-.-__w_.__

enon

I I I I I,I III I I l I I llll II

o 500 1,000 1,500 2,ooo

Pressure,psig
I, i l I

10 50 100 150

Pressure, arm abs

FIGURE l._Thermal conduotlvity of 02-tie, 02-Ne,

O=-Kr, and 02-Xe mixtures at 30 ° C. (AFTER

8RIVASTAVA AND BARUA. 408)

FIGURE 2.--CotnpressibiHty of the inert gases at

21 ° C (P=--pressure; V_--volurne). (AFTER JENK-

INS AND COOK. 245)
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available at cabin pressure, these compressi-

bility factors should be taken into account.

BIOCHEMICAL PROPERTIES OF INERT GASES

The physiological and biochemical properties

of inert gases are the major considerations of

this report. The physicochemical basis for
these functions has been summarized in table 2.

Solubility of Inert Gases in Liquids

The Bunsen solubility coefficient (absorption

coefficient) of a gas is defined as the ratio of the

volume (reduced to STPD) of a gas dissolved at 1

atmosphere to the volume of the solvent. The

data of table 2 are restricted to the solubility in

biological fluids at 37 ° to 38 ° C. Calculation of

solubilities at other temperatures can be deter-

mined by the equation of Morrison and John-

stone/2t Inert-gas solubilities in many different

solvents have been tabulated by Jenkins and

PHYSIOLOGICAL FACTORS OF INERT GASES

Cook. 245 The theory of solubility of the inert

gases in liquids can be found in the classic re-
view of Markham and Kobe. 3°2 Because of its

importance to the discussion, the solubility of

gases is reviewed briefly.

Henry's law states that the partial pressure p

of a solute is proportionai to the mole fraction
N of the solute in the solvent:

(Psotute = KNsotute)

This relationship holds for gaseous solutes as

well as solids. Up to a pressure of I atmosphere

this relationship holds within 1 to 3 percent for

most gases. The solubility of each individual

gas in a mixture is, according to Dalton's law,

independent of the presence of others. The

theory of solution of inert gases in liquids is not

fully developed, although the following basic

facts can be brought to bear on the subject:

TABLE 2.--Biochemical Properties of Inert Gases
]Numbers in parentheses were calculated by Graham's law from nitrogen data]

(;as

Property

Xe

Bunsen solubility coefficient in water at 38 ° C. 0.085

Bunsen solubility coefficient in olive oil at

38 ° C 0.015 0.019 0.14

Bunsen solubility coefficient in human fat at

37 ° C .............. 0.020 ...............

Oil-water solubility ratio ....... 1.7 2.1 5.3

Relative diffusion through gelatin at 23 ° C ...... 1.0 (0.42) 0.30

0.43 1.7

Diffusion constants through liquids at 37 ° C,

cmZ/sec × 10-6:

Olive oil

Lard .........

Serum .......

Agar gel

Water ..........

a Calculated from data of ref. 191.

0.41 1.6

9.6 20.0

0.21 0.13

0.061

0.062

5.1

0.36

(18.6) (8.34) (5.92) (4.10) (3.27) 7.04

(9.28) (4.15) (2.94) (2.08) (1.62) 3.50

(57.6) (25.7) (18.2) (12.6) (10.1) 21.7

a 44.4

(71.3) (32.0) (22.7) (15.8) (12.6) 27.0

(79.2) (34.8) (25.2) (17.5) (13.9) 30.1

63.2

Reference

276, 242,

163, 273.

276, 242,

241.

241,474.

249.

132

132

191

155

191, 155



PHYSICAL CHEMISTRY OF INERT GASES

(1) The order of increasing solubility of inert

gases in liquid remains the same in different

liquids.

(2) The increase in volume caused by the solu-

tion of a mole of gas in a solvent is nearly equal

to the corresponding value of b in the van der

Waals equation.

(3) The solubility of a gas in water is usually

decreased by an increase in temperature. This

relationship does not hold true for all solvents.

The solvent specificity in this relationship is

discussed subsequently.

(4) The solubility of gases in water is usually

decreased by the addition of solutes, especially

electrolytes. This "salting out" of gases varies

considerably for each electrolyte, but the relative

decrease in solubility is generally tile same for

different gases.

The solubility of the unreactive gases is thought

to be caused by an attractive force between the
solute molecules and the solvent molecules

through the dipole-induced dipole forces of van

der Waals. Electrically charged dipoles in the

electrically neutral molecules of the solvent can

induce charges of opposite sign in the neutral

gas solute molecules. For instance, water mol-

ecules have considerable dipole moments in

their electrically neutral molecules and can

induce an opposite charge even in a helium atom.
This initiates a force of attraction between the

two induced dipoles, causing helium to be dis-
solved in the water. In some circumstances

to be discussed, inert gas hydrates and clathrates

may be formed in some inert gas-solvent systems.

The "salting out" effect may be explained by

the fact that water dipoles will tend to combine

with the salt ions rather than induce dipoles in

the inert gas.

Table 2 contains the Bunsen solubility coeffi-

cients at 37 ° to 38 ° C for the inert gases in water,
olive oil, and human fat. The increase in van

der Waals constants 233 with molecular weight

predicts an increasing solubility of the gases in

water and lipids with molecular weight of the

gases. The lipid solubilities are all greater

than the corresponding water solubilities. The

presence of polar groups reduces the solubility

of nonpolar gas in an organic liquid, since two

electrically polar molecules will have greater

mutual attraction than two that are not polar.

In a solution of nonpolar molecules (inert gas)

in a polar solvent (water), this greater mutual

attraction may be thought of as expelling the

nonpolar molecules. The higher the molecular

weight of the gas, the greater the oil-water solu-

bility ratio. This phenomenon is probably re-

lated to the relatively greater ease of dipole

induction in the gases of higher molecular weight

by the lipid molecules. As will be discussed

in the appropriate sections, the oil-water solu-

bility ratio plays an important role in the physiol-

ogy of the inert gases. It is of interest that the

solubilities of the inert gases in olive oil are essen-

tially the same as those in human fat. Since the

olive oil systems have been studied more thor-

oughly than the human fat systems, this is a
fortunate circumstance.

Molecular factors in hpid solubility were

studied by Nussbaum, TM who reported that the

solubilities of the highly soluble radon in fatty

acids and synthetic triglycerides increase with

the increasing number of carbon atoms per mole

of fatty acid up to 7 carbons. A slight decline

in solubility occurs as the number of carbon
atoms increases above 8.

The prediction of temperature coefficients of

inert gas solubility in organic solvents is an

interesting problem. The generally accepted

idea that the solubility of gases in liquids de-

creases with rise in temperature is due to the
fact that most measurements have been made

with water as the solvent. Lannung, 27s however,

has shown that, in general, the log of the solu-

bility of gases varies directly with the absolute

temperature for many organic solvents, but

varies inversely with the absolute temperature
for water.

Some polar organic molecules will probably

behave intermediately between water and the

nonpolar solvents. The temperature coefficients

of solubility in vegetable and animal lipids are

quite small but vary in size and direction from

gas to gas and from lipid to lipid. 27s,474, 155,472

In general, the solubility of helium, neon, and

argon in lipids follows that of the nonpolar

organic solvents by increasing with increasing

temperature, while that of krypton and xenon

tends to decrease with increasing temperature.

The decrease in gas solubihty in an aqueous

system as temperature is raised is due to the
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modification of water structure as gas atoms

dissolve. The change probably produces a

lesser crystallinity of the structure that water

builds in the form of a microscopic "iceberg"

around the gas atoms, is° As the temperature

rises, the "icebergs" melt and the amount of

gas trapped in the water is decreased. The
clathrate-hydrate theory of Panling 337 would

offer a similar explanation for the deviation from

the expected relationship. Figure 3 represents

the ch_mges of water solubility of biologically

significant gases with temperature.
Another pertinent relationship is the equiva-

lence of Bunsen coefficients of the inert gases

in whole blood and in water. This finding was

analyzed in great detail by Van Slyke et al., 4_4

who partitioned the solubility of nitrogen in the

blood components as seen in table 3.

TABLE 3.-Solubility of Nitrogen in the Blood

Components
[AFTER VAN SLYKE ET AL. 434]

(_omlmnent Bunsen coeflqeient .f

nitr_gell

0.0130

.0117

.0146

.0127

Nibrnlal bh.,| ...........................

Normal plasma .........................

Red cells ................................

Water .....................................

He I
I
I
I

0 I
0 10 20 30 3740 50 60 70

Temperature, °C

FIGURE 3.--Solubility of gases in water at diflerent'

temperatures. (AFTER TIETZE. 4_)

Table 3 shows that normal whole blood dis-

solves only 1 to 2 percent more nitrogen than does

water. Plasma dissolves 8 percent less and red

cells, 12 percent more nitrogen than water. The

relationship between solubility of nitrogen in

whole blood and hemoglobin content is:

a=0.0117+0.00064 (volume percent oxygen

capacity)

Of the 8 percent by which the solubility of nitro-

gen in plasma is depressed below its solubility

in water, one-half is attributed to the "salting

out" effect discussed previously and one-half

to the displacement of water molecules by pro-
teins. Plasma lipids only partly counter this

effect. Hemoglobin, on the other hand, takes up

1.3 times as much nitrogen as water, making

nitrogen 1.12 times as soluble in red cells as in
water and 1.23 times as soluble as in plasma.

Henry's law appears to hold for all components
of the whole blood. The degree of oxygenation

of the red cells is not a factor in the nitrogen

solubility. As would be expected from these
considerations, the Bunsen solubility of helium

in blood (0.0088) is almost the same as that in

water (0.0086).
Plasma and cell lipids affect the solubility of

the whole blood by only 1 or 2 percent. This

finding has recently been confirmed by Greene. 2°'_
The mean value for whole blood lipid is only

0.0059 g/ml of blood, or only 0.58 percent of
the total blood volume by weight. On the other

hand, total blood water is 77.33 percent of the

total blood volume by weight. Blood lipid, there-

fore, can dissolve only (0.066 × 0.0058)= 0.0004

ml N.2/ml whole blood, while blood water can
dissolve (0.0127 × 0.7733)=0.0098 ml N.,/ml

whole blood. Therefore, in spite of the high

lipid-water solubility ratio, blood water exerts

25 times greater influence than blood lipid in

dissolving nitrogen. Even alter massive lipid

meals, total plasma lipids increase by less than

a factor of 2. 2_r Postprandial lipids would, there-

fore, not be expected to have much effect on the
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nitrogen-carrying capacity of the blood. This

conclusion has been borne out in U.S. Air Corps

experience during World War II. s5

Diffusion of Inert Gases in Liquids

The diffusivity of inert gases through liquid

solvents is another biochemical parameter of

importance in this study. Unfortunately, the

determination of diffusion coefficients is fraught
with difficulties and uncertainties. The most

complete study of the inert-gas diffusion has been

reported by Jones. 249 His values for relative

diffusion coefficients (helium=l.0) through a

gelatin-water gel are recorded in table 2 for all

gases except neon. The value for neon was

calculated from Graham's law, which states that

the diffusivities of inert gases are inversely pro-

portional to the square root of the densities or

the molecular weights. Unfortunately, the
experimental method and absolute values were

not discussed in his report. There are very

little data on the diffusion constants through other

physiologically significant liquids. The data in

table 2 for olive oil, lard, serum, and water were

obtained from three sources, 132,x55,19_ with ap-

propriate extrapolation to 37 ° C conditions.
Unfortunately, much of the data in the older

literature were obtained by methods that have

been shown to be, for one reason or another,

open to experimental error. Lard appears to

be less permeable to nitrogen by a factor of 2

than is olive oil. Serum appears to be 0.70 as

permeable as water and three times more per-

meable than oils to this gas. The lipid and water

determinations, however, were performed by

different techniques and the validity of the com-

parison is open to question. It is of interest

that, empirically, helium appears to be a little

more than two times more diffusible through

water than is nitrogen, but three times more

diffusible through gelatin. The interactions

between the specific gases and the protein gel

may be responsible for this difference, but, once

again, variations in experimental techniques may

also be a cause of the discrepancy. That an

agar gel should have a negligibly small effect

on the diffusion coefficient of readily diffusible

substances has been deduced by LieSgang 2s5and
demonstrated by Eggleton et al.xss The same

7

should hold for protein gels, though the inter-

action of inert gas with proteins may somewhat
alter these calculations, ss2, sss

The diffusibihty of helium through serum was

calculated from the findings of Gertz and

Loeschcke 19_ that each inert gas appears to be

1.3 times more diffusible through water than

through serum. According to Graham's law, the

ratio of diffusibihty through lipid to that through

aqueous solvents should be constant for each

inert gas. This concept should allow calculation

of the many deficiencies for diffusion of the inert

gases present in table 2. In general, there is

an inverse relationship between the diffusion

constant of a solute in a solvent system and the

viscosity of the system, a relation for which Ein-

stein has provided a theoretical basis? 56 The

exceptions to this hypothesis found by Davidson

et al? sz in their study of diffusion in different

lipids may result only from anomalies such as

the presence of crystalline solid esters within

the lard system. Peterson 3s9 has pointed out

that in dealing with lipid systems, diffusion theory

that holds for aqueous systems does not appear

to be fully applicable. He feels that there may

well be lipid surface-energy barriers and convec-

tive anomalies which have caused his prelimi-

nary empirical findings to deviate from theory.

Although extrapolation of diffusibility of nitrogen

in different solvents to that of other inert gases

is not fully warranted from the data available,

it is felt that for the purposes of this paper such

an approach will be adequate. In table 2, the

values in parentheses were calculated from the

nitrogen data using Graham's law. It can be

seen that the empirical values for helium are

somewhat lower than the values calculated from

the nitrogen data.

The diffusion of inert gases through organic

membranes is an interesting area for which there

are little empirical data. Theoretical analyses

of diffusion constants and solubility constants

from fundamental properties of gases and bar-

riers have met with limited success although cer-
tain general patterns have been determined. 46,

430,431 Breakdown of theory probably arises

from the fact that solution of gases in membranes

does not follow Henry's law for dilute solutions.

The rate of permeation increases more rapidly

with pressure than predicted by the equation.
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The empirical data of Brubaker and Kammer-

meyer 7s are of interest in this regard.

Prediction of the temperature coefficient of

diffusivity in any given gas-solvent system is

most difficult. 419 In general, this value is deter-

mined by the activation energy of diffusion which

has to be supplied to the solvent to separate the

solvent molecules a sufficient distance to permit

the gas molecule to be displaced or to make for

itself a new hole. This energy is a function of

the kinetic energy of both the gas and the sol-

vent. As expected, the larger the gas molecule,

the greater is the activation energy, since larger

openings will be required between solvent mol-

ecules for passage of the gas. The stronger the

intermolecular binding energy of the solvent

(heat of evaporation), the greater is the activation

energy. Thus, presence of polar groups or

methyl groups in the solvent could increase the

activation energy of diffusion and generally de-

crease the rate of diffusion and permeability of

an.inert gas through the solvent.

CHEMICAL REACTIONS OF INERT GASES

In the section on atomic structure, it was indi-

cated that stable fluoride compounds of xenon

and radon have been prepared, and unstable

krypton oxide has been demonstrated by spec-

troscopy. It was also pointed out that these

compounds are unstable in aqueous systems.
Helium and neon should be unable to form com-

pounds by the d-orbital mechanism. Argon has

the potential but the compounds are probably

too unstable to be isolated by present techniques.

Diatomic molecules of inert gases exist only in

high-pressure systems, as do short-lived metal-

inert gas molecules and inert gas ions in electric

discharge systems, n0

Ionic or covalent bonds between inert gases

and biological fluids probably do not exist under

physiological conditions. There is a far greater

possibility, however, of inert gases forming

clathrate or hydrate compounds in biological

systems or reacting with protein materials
through van der Waals bonds. "Clathrate" is

the name given to a class of compounds in which

the small atoms or molecules of one substance,

called guests, are held by van der Waals forces

in crystalline cages formed by the molecules of

a second substance, called the host. There ap-
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pear to be no strong chemical bonds, hut there

is definite stoichiometry. Clathrates can he

designated by a maximum composition formula,

nil" mG, where n=number of host molecules

H per unit cage; and m is the maximum number

of guest molecules G that can be held in a single

cage.
Villard 435 and de Forcrand 176 were the first

to prepare hydrates (water clathrates) of argon,

xenon, and krypton. These crystals have n= 46

and m=8, or a maximum of less than 6 host

atoms per guest molecule. No hydrates of
helium or neon have been formed even under

high pressure. The properties of the hydrates
are seen in table 4.

TABLE 4.--Properties of Inert-Gas Hydrates
[AFTER COOK It0]

Property

Hydrate of-

Argon Krypton Xenon Radon

Decompression temper-

ature at 1 arm pres-

sure, °C ................... -- 42.8

Dissociation pressure

at 0 ° C, arm .............. 105

Heat of formation (Ig

5.75 H20 a), kcal/

mole ..................................

-27.8 -3.4 ............

14.5 1.5 1

13.9 16.7

a Ig is any inert-gas atom.

It is seen that the stability of the hydrate in-

creases as the atomic number of the guests in-
creases. Since the heat of formation of ice from

liquid is 8.3 kcal/mole, the krypton hydrate has a

binding energy of gas to hydrate of 13.9-8.3 = 5.6

kcal/mole, and xenon hydrate has 16.7 - 8.3 = 8.4

kcal/mole. These binding energies are in the

van der Waals range and approximate the heats

of adsorption of inert gases onto charcoal. The

actual structure of the hydrate has been pre-

sented in the elegant studies of yon Stackelberg

and coworkers, 322,4°9 Barrer and Stuart, za and

van der Waals and Plarteeuw. 43s The two types

of host lattice built from a continuous framework

of water molecules in tetrahedral coordination

have been defined and examined thermodynam-

ically. The treatment, however, is quite beyond

the scope of this study.
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Other inert-gas clathrates have been synthe-

sized. 11° The /3-hydroquinone clathrate is

formed by recrystallization of c_-hydroquinone

from methanol in the presence of guest atoms

which stabilize the fl-cage form and may form

a model for aromatic clathrates in biological

systems. Argon, krypton, and xenon clathrates
have been formed. Helium atoms are thought

to be too small and too difficult to polarize for

van der Waals bonding in this clathrate. The

neon atom is borderline; its clathrate could be

formed at a pressure of gas in excess of 160

atmospheres. Pl_enol clathrates of argon, kryp-

ton, and xenon exist as do clathrates of other

cage-forming hosts. 23,322

The exact role of gas hydrate or other hydro-

gen-bonded clathrate structures in biological

9

systems is still open to question. The role of

these structures in anesthesia and other physio-

logical phenomena is discussed in chapter 3.

The potential for hydrate and organic clathrate

structures of all types is present in the bio-

logical system. 131, 165,181,205,325,326 However, the

very high dissociation pressures of even the most

stable inert gas-clathrate structures cast some

doubt on their role in the physiological or pharma-

cological process. One would have to postulate

that proteins and other structures within the
cells can stabilize the water structure to allow

inert gas hydrates at pressures lower than re-

quired for pure water systems 66 or that direct

adsorption of gases onto proteins and other cel-

lular components may play a direct role in bio-

logical activity. 58, 382,383,384, 167, 168

246-829 0-67--2



Role of Inert Gases
• Sian Decompression ckness

CHAPTER 2

The little Bubbles generated upon the absence of the Air in the Bloud, juyces, and soft parts of
the Body, may be their Vast number, and their conspiring distention, variously streighten in some
places, and stretch in others, the Vessels, especially the smaller ones, that convey the Bloud and
Nourishment; and so by choaking up some passages, and vitiating the figure of others, disturbe or
hinder the due circulation of the Bloud!

Robert Boyle, 1670

AMONG THE RISKS of space operations the hazard

of decompression looms large. Decompression

of space cabins by meteoroid penetrations, in-

ternal explosions, or military projectiles is an

ever-present danger. Decompression of space
suits by meteoroids, tears caused by vehicular

and planetary structures, and failure of suit

joints and tubing is also an ever-present possi-

bility. It would thus appear that the decom-

pression problem has a direct and important

bearing on the selection of space-cabin

atmospheres.
It has been known for decades that the 100

percent oxygen environment is the safest from

which to decompress. Sirrce 100 percent oxy-

gen does present many other problems in space

cabins,_S6,369, 37ohowever, this optimum may have

to be compromised by the addition of inert gases

to the cabin atmosphere. This chapter is, there-

fore, devoted to an analysis of the relative effects

of the different inert gases during a decompres-

sion event. The first section of this chapter

presents a theoretical analysis of the gas-de-

pendent bubble factors in "nonexplosive"

decompression sickness to altitudes below 60 000

feet. The next section is a review of empirical

and operational data on inert-gas effects in

altitude and diving decompression sickness.

The third section reviews the theory 6f ascent

schedules in diving and presents attempts to

control decompression sickness through use of

computer programs. These programs are re-

lated to the denitrogenation problem in altitude

decompression. The fourth section covers the

gas-dependent factors in "explosive" decom-

pression and the ebullism syndrome. Finally,

a review of all of the above data is presented in

an attempt to establish inert-gas preference for

minimizing decompression sickness in space
cabins.

ANALYSIS OF BUBBLE FORMATION IN DECOM-
PRESSION SICKNESS

The discussion that follows is a review and an

extension of an analysis of the general problem

presented several years ago by Roth. 36s A the-
oretical analysis of gas-bubble formation in the

body will be followed by a review of the empirical

data that define the boundaries of the gen-
eralized model. This review is far from ex-

haustive- only those aspects of the vast literature

on decompression sickness that have a very

specific relation to the space-cabin problem are
covered.

Our basic understanding of decompression

sickness has been retarded by lack of a definitive

theoretical framework. In recent years ad-

vances in cavitation theory, bubble physics, and

multiphase flow theory have not been system-

atically applied to parallel phenomena in the

decompression syndrome. Since the specific
role of inert gases in this syndrome can best be

understood in the framework of these physical

theories, a brief review is presented. An attempt

ll
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is madetoinvolveonlyaspectsofthosetheories
whichhavespecificrelationshipto theproblem
at hand. Bibliographicnotationsof thebroader
aspectsof the problemsarepresentedfor the
interestedreader.

Physical Factors Controlling Growth of Bubbles in
Biological Systems

It is reasonably well established that the source

of pain, discomfort, and disability in decompres-
sion sickness arises from the appearance of gas

bubbles within supersaturated body fluids after

the decompression event, lse'is9 The likelihood

of symptoms depends on th_ number of bubbles,
their size, and their position. The greater the

supersaturation ratio, the greater the number of
bubbles. 342 The basic quantitative link between

bubble size and the physiological events has been

summarized by Nims. 329 In brief, a gas bubble

growing in tissue must displace and deform ad-

jacent structures or obstruct fluid flow and tis-
sue nutrition to trigger off pain responses or

compromise function in these structures. The

equilibrium forces acting on the bubble within

the tissue may be given by the expression

Ps=H+ (2Mr) +D

PHYSIOLOGICAL FACTORS OF INERT GASES

This relationship may be further expanded by

partition of the total barometric pressure to in-
clude the partial pressure of all gases in the

bubble (o'P):

where

(1)

PB sum of the partial pressures of the gases,

dynes/cm 2

H hydrostatic pressure of the fluid surround-

ing the bubble and independent of the

size of the bubble, dynes/cm 2

gas-water interface tension, dynes/cm 2

r radius of bubble, cm

D deformation pressure of bubble, a func-

tion of bubble volume, dynes/cm 2

The value of 2Mr represents the pressure ex-

erted by the surface tension on the bubble. The

hydrostatic pressure H is the sum of the ambient

pressure PA on the body and the tissue turgot

pressure PT or blood pressure, and is independent

of bubble size. The deformation pressure

D is dependent on bubble volume. When the
bubble is of such size that D exceeds the value

required for pain threshold or its ischemic and

metabolic equivalent, symptoms are noted.

PB = crP = PN2+ PCO2+ PO, + PH,O + px (2)

where X represents any other inert gas, or gases,

in the bubble. The expanded form of the static

equilibrium equation may be expressed thus:

Pb = o-P = PN2+ PCO,+ PO2+ PH,O + PX

=(PA + PT)+(2Mr)+ D (3)

From this relationship it can be seen that the

bubble radius can be modified by change in sev-

eral factors. For a static bubble

r = (2Mo'P)- H

If the bubble encounters an environment where

PB < o'P, the following hold true

crP > H + (2Mr); _P- H > (2Mr);

r > (2McrP)- H

and the bubble expands. Alternatively, if

PB >o'P, r< (2Mo'P)-H, and the bubble

shrinks. If a bubb[F passes into a condition
where H > o'P, the bubble will shrink, or if it

passes into a region where H< crP-(2Mr), it

will expand. Thus changes in the gaseous pres-

sures or hydrostatic pressures determine changes
in bubble radius. It must be remembered that

during a decompression-recompression cycle,

any of these changes may occur to either an intra-
vascular or extravascular bubble.

The focal events responsible for the initial

production of the bubbles, while of immense the-

oretical interest, do not relate specifically to the

problem at hand. As discussed by Harvey, TM

Dean, 135 Pease and Blinks, 33s and more recently

by Webster 44T and Liebermann, 2s4 bubbles may

arise in solution from preformed micronuclei or
de novo from cavitation events. Microbubbles of

< 10 -3 to 10 -5 centimeter radius are unstable at

1 atmosphere pressure (absolute) because of

the high 2Mr factor and will tend to disappear

spontaneously. However, aspherical bubbles
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sequestered in acutely angled, cone-shaped

cavities of container walls or in tiny hydrophobic

niches within biological molecular structures

can remain of stable size and persist. As men-
tioned above, changes in the environment can

cause expansion or shrinkage of the bubble.

As Harvey pointed out, in the absence of pre-

formed nuclei, Brownian motion of liquids about

the apex of conical cavities in wall structures can

theoretically initiate micronuclei within the

molecular dimensions of the apex where the

apical volume is not large compared with the
volume of the individual molecules. This would

probably hold true in the niches produced by the

tertiary structure of macromolecules within

biological systems.
A final method of micronucleus stabili-

zation has been proposed by Fox and Herz-

feld, l_s who suggest that bubbles may be sur-

rounded by a rigid permeable skin composed of

organic materials present in the liquid. Such
skin could act either as an elastic shell in sus-

taining a pressure differential across the wall or
as a diffusion barrier. The results of measure-

ments of the dissolution rate of small air bubbles

in water suggests that the coefficient of diffusion

of air through the "skin" is about one-eighth that

of air through pure water. 29s This mechanism

could be of importance in biological systems.

However, the experiments of McElroy and

Whiteley 295 cast doubt on the presence of pre-

formed micronuclei in cats.

In spite of these very plausible stabilization

mechanisms, it appears that formation of cav

ities by muscle and joint movement or in vortices

of turbulent zones of blood flow is a more prob-

able source of bubble nuclei. The dynamics of

the cavitation process has been of chronic con-

cern to hydrodynamicists and designers of

underwater propellers and hydrofoil systems.

Excellent reviews of this subject are avail-
able 351,133,349 for those interested in the initial

events of bubble formation. The work of Stone-

metz on cavitation in pipe bends is especially

pertinent. 414 For the purposes of this study, it

is sufficient to say that in decompression sick-

ness, the early period of bubble growth is con-

trolled by the large local decreases in hydrostatic

pressure forming the original cavity within the

liquid. The first event that occurs is probably

DECOMPRESSION SICKNESS 13

the formation of a water-vapor cavity, or vaporous
cavitation.

For a very short time a pure vapor bubble is

present. As the radius expands, growth of the

bubble is driven by the decreasing surface ten-
sion force, 2k/r. An excellent theoretical anal-

ysis of this vapor phase growth has been pre-

sented by Plesset. 349,35° In the presence of

supersaturated gaseous components dissolved

in the liquid, the bubble will continue to grow

by inward diffusion of gas. In the absence of

supersaturation of the gaseous components dis-

solved in the liquid, the vapor cavity will even-

tually collapse with mass diffusion of gas out of

the bubble, the dissolution being driven by the

steadily decreasing radius in the surface tension

factor 2_/r. In the presence of gaseous super-

saturation, as is found in a decompression event,

the bubble will continue to grow, being fed by the

gases in the surrounding liquid.

In decompression sickness, the supersatura-

tion factor is brought about by reduction in

ambient pressure PA with a resultant decrease in

the free hydrostatic pressure H. The equi-

librium defined by equation (3) would therefore

be upset, and diffusion of gas from the liquid to

the vaporous cavity would result. The bubble
radius would continue to increase. The simul-

taneous increase of tissue deformation pressure

D would finally control the ultimate bubble size.

In "loose" tissue, the volume-elastic properties

would allow great bubble size with no pain. In

"tight" tissue, the maximum bubble size would

be reached rather quickly, and the internal

bubble pressure would increase at constant
volume.

The role of inert-gas factors during the growth

phase of a bubble can be understood only after

a thorough analysis of growth dynamics. Gas

molecules will move into the initial water vapor

cavity at an initial rate proportional to the total

amount of gas available at the liquid vapor inter-
face. This rate will be related to the solubilities

of the gases. At first, solubility should control

the rate of gas buildup, but with the passage of

time, the bubble gas compositions should change

to proportions of gas representing relative ten-

sions. The Bunsen coefficients for nitrogen, oxy-

gen, and carbon dioxide at 37 ° C are N2 = 0.013,

O2= 0.024, and'CO2= 0.561. Since the molec-
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ular sizesand diffusioncoefficientsof these
gasesare similar,one wouldexpectthat the
earlybubblesformedat altitudewouldcontain
mostlycarbondioxide. Thein vitro studies of

Harvey, 214 Dean, 135 and Metschul a12 tend to
confirm this general point as do the physiological

studies of Blinks et al. 66 The solubility of none

of the inert gases in table 2 approaches that of

carbon dioxide, and so the same rule should hold

when another inert gas is substituted for nitrogen

in the ambient atmosphere.

As the bubble continues to grow, both the

amount of the gas in the surrounding liquid and

the diffusion constant of the gas determine the

rate of bubble growth. Analytic studies of bub-

ble growth rate have been performed for many

years. The early derivations by Mache296 and

Bateman and Lang 27 have been followed by the

equations of Harvey 214 and Nims. a29 A very

rigorous analysis of bubble growth factors has

been presented by Epstein and Plesset, _9 and

an elegant mathematical review of the general-

ized bubble growth problem was presented by

Keller. 2_1 For "the purposes of the present dis-

cussion, however, the formalism of the last two

references is simplified by a more direct deriva-

tion from the equation of state for ideal gases.

This approach was suggested by Nims. aa°

For a mixture of gases, the ideal gas law states
that

PV= RT _ ng (4)
g

where

P

V

ng

R

T

g

pressure
volume
number of moles of a specific gas in the

bubble

gas constant

absolute temperature

each specific gas

The pressure-volume history of a bubble can be

expressed by the total derivative of this equation

with respect to time:

av + v aP _ (5)
e -_- --_ = RT E dt

g

The rate of change of the number of moles of
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gas in the bubble can be approximated by Fick's

law of diffusion written in the form

-_t g= ADg ACgAx

where

A the surface area of the bubble

D o the Fick diffusion coefficient

ACg the concentration gradient of the gas from

Ax the tissue to the bubble along the dif-
fusion of path length x

Since Henry's law states that

Ca = auPu

where

a o solubility of gas

Pg pressure of gas

the concentration gradient ACJAx can be con-

verted to a factor involving the pressure gradient
between tissue and bubble

and equation (5) can be expanded to

p ___dV+ V _t = ART _ agDg APgAx
g

(6)

Solving this equation under boundary condi-

tions existing at various sites within the body

yields a very complex mathematical relation

that requires some simplification. Bubbles

expanding in the blood stream would be pro-

ducing little or no deformation pressure (D) (see

eq. (1)) in the surrounding tissues and would be

increasing in volume with essentially no change

in pressure. This pressure according to equation

(3) would be represented by the sum of the ex-

ternal atmospheric pressure, the blood pressure,

and the pressure exerted by surface tension

factor (2X/r). Symptoms of ischemic pain or

physiological malfunction would arise when the

volume of the bubble is increased to the point

where the blood vessel was occluded. If only

one gas were the major offender, the expanding
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volume could be described in terms of this one

gas g by the equation

dVg = A R To_gDgAPg
dt PAx (7)

This is essentially the equation used by Bate-

man and Lang. 27 This can be seen by taking the
diffusion area ,4 as that of a theoretical bubble

(4¢rr2); Do is taken as their diffusion coefficient

(8); APg is P1--P2; P is the bubble pressure

(P > 2Mr); and 1/273 is the diffusion path length,

plus all the other constants of equation (6).

This results in the Bateman-Lang equation 27

dV 47rr(ao8o) (P1 -- P2)

dt 273P :8)

As discussed subsequently, symptoms of

decompression sickness may arise extravas-
cularly in "tight" tissue where the tissue defor-

mation pressure D affects the bubble growth

and rapidly converts bubble dynamics to those of

constant volumes and changing pressures.

Equation (6) can, therefore, be written as

dPg_ ARTagDg(APg)
dt VAx (9)

In evaluating the role of the specific inert gases

in the constant volume or constant pressure
bubble, one must extract those constant factors

that are specifically dependent on the inert gas

or gases in question. It would appear that only

the ol_Dg factor is gas dependent. Therefore,

the gas with a minimum product of solubility and

diffusion coefficients in the fluid immediately

surrounding the bubble would, upon decompres-

sion, produce a minimum rate of pressure or

volume rise. This product, in another context,

has been called the permeation coefficient (D'). 139

The units of D' are in cm2/sec/atm and are

physically indicative of the volume of gas (ml

STPD) diffusing per unit of time (sec) across unit

area (cm 2) and unit diffusion shell thickness with

a difference in partial pressure of gas of 1 at-

mosphere in the direction of gas flow. It can be

seen that D'=aD, since c_=ml STPD of gas

dissolved per milliliter of liquid at a partial pres-

sure of 1 atmosphere and D= cm2/sec.

15

The more sophisticated equations of Epstein
and Plesset 159and Keller 251do not alter the basic

c_D_ permeation coefficient, nor do they intro-

duce any other gas-specific considerations. The

gas density factor in the Epstein-Plesset 159

equation is canceled by the mass per volume used

as the gas concentration factor. These equations

merely increase the accuracy of the analysis by

accounting for the motion of the bubble boundary

during expansion under constant pressure con-

ditions. Only the increasing surface area be-

tween phases is accounted for. The effect of

the expansion motion on the diffusion process

itself is neglected as it was in the development

presented above. The translatory motion of the

free bubble arising from buoyancy factors is

accounted for in the Epstein-Plesset analysis.

Such factors may well influence bubble growth

intravascularly and could be gas specific, since

they would alter the diffusion layer around the

bubble. They would tend to decrease the role

of the diffusion factor by providing a mechanical

mixing factor. In as complicated a fluid flow

system as the vascular tree, rigorous quantitative

analysis of the total mixing factor would be too

difficult. In any event, there appears to be an
"effective diffusion shell" about a bubble even

in a well-mixed liquid. An interesting calcula-

tion from the data of Wyman et al. 47° indicates
that the thickness of the "effective diffusion

shell" about a bubble in water is 3.3 × 10 -acm.

This does not mean that there is a sharply defined

water shell supporting a uniform diffusion gra-

dient around the bubble, but it suggests that the

mixing of water is practically complete up to a
distance from the air-water interface of the same

order of magnitude as the calculated thickness

of the shell. The lipid and protein film about

bubbles in vivo may alter this shell thickness by
an undetermined factor. 29s

it appears appropriate at this point to present

a quantitative example of what might be the

actual bubble growth rate within the aqueous

phase of the body of an air bubble at constant

pressure using the Epstein-Plesset analysis. 159

Figure 4 represents the calculated time-size his-

tory of a bubble forming in a water solution super-
saturated with air. The ordinate is in the dimen-

sionless form _ = r/ro or the ratio of final radius

to initial radius. The abscissa is also a dimen-
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radius determines the time to reach 10r0, results

for two radii (ro = 10 -3 cm and r0= 10 -9 cm) have

been presented. The data have been calculated

for supersaturation ratios f of 1.25 to 5.0. The
role of surface tension and other second-order

bubble factors are demonstrated by the values

t, ta, and ts. In calculating column t, surface

tension is neglected, but second-order factors

which tend to increase rate of growth are added.

Column ta also neglects surface tension and rep-

resents quasi-static approximation shown as the

solid curve of figure 4. Column t, is the quasi-

static approximation including surface tension.
It is seen that the surface tension and second-

order dynamic factors do not greatly influence

the time required for tenfold growth.
8.0 10.0 12.0 As would be expected, a smaller bubble takes

less time to increase tenfold in radius, since its

radius is increasing at a relatively greater rate

growing than is that of the larger bubble. Surface tension

(AFTER plays a smaller role in the larger bubble. In

altitude decompressions, the supersaturation
ratios should lie in the 2 to 5 range, probably

closer to 2. From table 5 it is seen that with a

decompression ratio of 2, a constant pressure
bubble of air of radius 10 -3 cm would take about

110 to 130 seconds to increase tenfold in size,

while a bubble of radius 10 -2 cm would take

about 12 400 seconds to do the same.

Times are calculated for 22 ° C instead of 37 ° C.

However, it is to be expected that the rate of

growth of a bubble in water would be relatively

independent of temperature. As mentioned

above, the diffusion coefficients of inert gases

increase with temperature and the solubilities

in water decrease with temperature. That the

two effects almost cancel each other has been

FIGURE 4.--Radius-tlnle relation for

bubbles neglecting surface tension.

EPSTEIN AND PLESSET. 159)

# #r

/4"

sionless variable (X) which is proportional to the

square root of time (t 1/2). The curves neglect the

relatively small surface tension factor.

The solid curve represents a simplified quasi-

static solution of the problem, and gives the

bubble growth form for any supersaturated solu-

tion. The dashed curves are a more accurate

analysis dependent on a concentration/gas den-

sity ratio of 0.02. They are specific for super-

saturation ratios f or ratios of the dissolved gas
concentration to that of a saturated solution.

Table 5 represents the actual time (t) to give a

growth of air bubbles in water at 22 ° C from an

original radius r0 to 10to. Since the original

TABLE 5.-Times of Growth of Air Bubbles in Water From r0 to lOro at 22 ° C
[AFTER EPSTEIN AND PLESSET 159]

f

1.25

1.50

1.75

2.00

5.00

ro= 10 -3 cm

l, set! ta_ SeC ts_ sec

466 496 567

228 248 266

149 165 174

110 124 129

24.6 30.9 31.7

r0 = 10 -z em

ta, sec ts, see

496 × 102 501 × l0 z

248 249

165 166

124 124

30.9 31.0
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shown by Wyman et al. 47° Since the equation

of state for ideal gases and its derivatives (eqs.

(8) and (9)), related to absolute temperature, the

rate of bubble growth or pressure increase would

be expected to be proportional to the absolute

temperature. There would, therefore, be little

difference between these theoretical growth
values at 22 ° C and those at 37 ° C. There would

be even less variation from/point to point in the

body. The role of protein and lipid films about a

bubble forming in vivo is as yet undetermined,

but it would most certainly affect the growth rate

of the smaller bubbles by reducing both surface
tension and diffusion. 29s

Correlation of Bubble and Symptom History

In the living organism, there is a physiological where

event that modifies the actual growth rate of the

bubble and controls the peak size and rate of Ns

decay. This modifying factor is the circulation

of only slightly supersaturated blood through the

tissue or intravascular site where the bubble is C

formed. After a decompression event the blood D

stream very quickly gives up its inert gas over-

load to the |ungs. 177,74 The inert gas in this D*

fluid becomes rapidly equilibrated with the am-

bient gas pressure, and, on the average, remains (D-D*)
only slightly supersaturated.

The slight supersaturation results from the PN2
constant uptake of extra gas in the highly super-
saturated tissues. As soon as a bubble is formed,

the slightly supersaturated blood will compete

with the bubble for gas from the highly super-

saturated tissue. Before this competitive effect pN2*
can be analyzed, it would be well to review two
factors. The first is the actual relevance of the

peak bubble size to the overall problem. The t

second is the actual site of bubble formation k2

within the body and the gas-specific factors that

control bubble decay, kl
As for the first factor, Nims 329 attempted to

correlate the history of a bubble with the pressure opt

history of decompression sickness in a large

population exposed to altitude in a pressure
chamber. The formula Nims used for bubble

growth did not overtly include "solubility" as a

factor.329, p. 2oo Nims, however, has related to the

author that the "apparent diffusion constant"
k2 of this formula was meant to include all of the

factors of the term

DECOMPRESSION SICKNESS
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in equation (9) and so, in reality, does have a

solubility factor. Nims developed the equation

relating the rate of symptom development to the

increase and decay of pressure in a bubble of
constant volume as

d(Ns/N)dt = C(D - D*) = C(p_ -- PN,*)

=C[_e-k,t--e-k2t

A- 9PN2e- k2t_ PN_*] (10)

number of subjects experiencing

symptoms in time interval t out of

a total population, N

constant of proportionality

deformation pressure in tissue pro-

duced by bubble

deformation pressure in tissue at

threshold of pain

measure of stress to which the popu-

lation is exposed

partial pressure of ,nitrogen in bubble

causing deformation, assuming

factors of interfacial tension, hydro-

static pressure, and minor gas ten-
sions are constant

partial pressure of nitrogen in tissues

when deformation pressure reaches

threshold, or when D= D*
time

apparent diffusion constant between
bubble and tissues

apparent diffusion constant between
tissues and alveolar air

partial pressure of nitrogen in tissue

fluids prior to decompression.

The actual history of decompression symptoms

in a population exposed to altitude also suggests

a growth and decay factor. It is common experi-

ence that immediately after ascent, the rate of

production of symptoms is very low. The rate

then increases, reaching a peak in 20 to 60 rain-
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utes,dependingonaltitude,andthendeclinesto
almostzero. It hasbeenshownthatsomeindi-
vidualscansit out thesymptomsandbefreeof
symptomsaftera givenperiodat altitude. The
latentperiod,therateofonset,andpeakarefunc-
tionsofaltitude. ThedataofAnthonyetal.9and

Henry 222,223 illustrate this rate of onset of symp-

toms. In the data of Anthony et al. plotted in

figure 5 the peak of 20 to 40 minutes is shown to
be rather well marked. Lawrence and Hamil-

ton 27r have demonstrated that the rate of onset

of new symptoms in a large population follows
the formula:

where

N,

N

t

AI, A2

kl

d(Ns/N) = Ale - _,t _ Aze - k,t
dt
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(A1-CopN) in the constant Az. This suggests
that analysis of the growth and decay factors of

idealized bubbles within an organism should be

an index of the symptom pattern of that organism

after decompression. It also suggests that for

the present analysis, attention should be paid to

the gas-specific factors in the organism which

controls the decay process.

Unfortunately, these factors have been prob-

ably the most controversial aspects of the

decompression syndrome. They are intimately

connected with the specific symptomatology of

this syndrome which has been well covered in

great statistical and descriptive detail by many
reviews.2, ,i, ,2,16_, 203,258.453 An exhaustive re-

(11) view is beyond the scope of this report, A brief

review of the salient features will, however, help

to clarify some of the issues to follow.

number of subjects experiencing

symptoms

number of subjects exposed to altitude
time

constants relating to maximum potential

intensity of symptoms

velocity constant of "growth factor"

velocity constant of "decay factor"

The equation of Nims a2u relating to a bubble

can be reduced to the equation of Lawrence and

Hamilton 27r by addition of the small constant

Cpr_* and the inclusion of the factor C[k20pd
(k2- k0] in the constant/11 and in the inclusion of

E

R

0 20 40 60 80 100 120

Time, rain

FIGURE 5.--Rate of appearance of decompression

sickness in a _iven _roup at altltude as a func-

tion of exposure time. (AFTER ROTH. TM) (DATA

AFTER ANTHONY ET AL. 9 GRAPH AFTER NIMS. 329)

Pathological Physiology of Decompression Symptoms

Expansion of gas pockets in the teeth, sinuses,

and gastrointestinal tract may be experienced at
ahitudes of 2000 feet. These are called the

"trapped gas syndromes." Prolonged exposure

to altitudes above 22 000 feet and occasionally

to altitudes as low as 18000 feet _s._may resuh

in the appearance of bends, chokes, circulatory

collapse, skin changes, and neurological dis-
orders. These are manifestations of bubble for-

mation from dissolved gases.

BENDS

The most common symptom, pain in the loco-

motor system, is referred to as "bends." This

pain usually begins in the periarticular tissue and

extends distally along the bone shaft. Pain tends

to occur in joints that are being flexed. 4"9 It is

deep and poorly localized with periods of waxing

and waning. Relief is obtained by relaxation of
the part or application of external pressure to the

overlying tissues. After sufficient time at alti-

tude, erepitation is often noted along many tendon

sheaths in which gas bubbles can actually be

seen roentgenographically. "_ Bubbles are found

by X-ray with certainty in the synovial space of

the joints, in bursae, and in tendon sheaths and

with less certainty in the fascial planes and con-

nective tissue spaces in muscles and in tissue

spaces around blood vessels. Symptoms may be

present in the absence of X-ray bubbles and,
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conversely, X-ray bubbles may be present in the

absence of symptoms. As demonstrated in

animals, some of the thin, radiolucent lines and
diffuse areas described as extravascular bubbles

by X-ray may actually be long, cylindrical intra-
vascular bubbles. 95 Presence of bubbles in

capillaries and veins leading from exercising

muscles _, 9_,21_ also suggests that intravascular

bubbles at tendon insertions may also be a cause

of pain in bends, s6 Therefore, it can be said that

both intravascular and extravascular bubbles

may play a role in the most common symptom of

decompression sickness.

CHOKES

The next most common symptom complex is

chokes. Chokes refers to a syndrome of chest

pain, cough, and respiratory distress. Longer

altitude exposure is usually required to produce

chokes than that required for bends. Chokes

begins with a substernal burning pain during

deep inspiration which is relieved by shallow

breathing. It gradually becomes more severe

and constant. Paroxysms of coughing become

more frequent and are followed by cyanosis,

anxiety, syncope, and shock. Interestingly,

auscultation, roentgenograms, and electrocardio-

grams show no very specific abnormalities.

Strangely, the pharnyx and larynx may show a

fiery red mucosa which persists for several hours

after descent. Chokes symptoms may persist

several hours after descent and may be precipi-

tated during this period by tobacco smoke or deep

inhalation. Pulmonary congestion with rales

may also appear after the flight.

Chokes is thought to be part of a reflex phenom-

enon resulting from irritation of the pulmonary

tissues when gas emboli from the periphery

cause obstruction of pulmonary arterioles and

capillaries. There has been no direct demon-

stration of bubbles in the pulmonary vascular bed

of humans during chokes symptoms, although

enlargement of the right side of the heart has been

demonstrated, s6 Increased pulmonary capillary

resistance could have been due to blockage by

the bubbles themselves or to reflex pulmonary

vasoconstriction caused by irritation by the

bubbles. Bubbles have been found in the right

side of the heart and pulmonary vessels in caisson

workers who succumbed to decompression sick-
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Mess. The clinical syndrome resulting from

intravenous injection of air in humans is ex-

tremely variable, but often resembles chokes.

Hetherington and Miller have simulated the

choke syndrome by injection of intravenous

nitrogen in cats, 23° and Leverett et al. in dogs. zs2

In guinea pigs, the gas bubbles in the blood-

stream did not reach the capillary bed. The

smallest vessels occluded were 40/z in diameter. 95

It is doubtful that oxygen toxicity, which can give

symptoms similar to chokes, is responsible for

the chokes syndrome. 174,369 The role of fat

emboli reaching the lung from disrupted adipose
tissue as a cause of chokes is controversialI°l,

216,4_9 and is discussed subsequently. In spite

of the uncertainties remaining, air emboli in the

pulmonary vasculature appear to be the most

probable precipitating factor in the chokes

syndrome.

SKIN MANIFESTATIONS

Skin manifestations at altitude are in them-

selves mild and may be divided into four types:

(1) A subjective cold sensation may be noted

during ascent which may or may not be attribut-

able to decompression per se.

(2) Tiny intracutaneous blebs may occur and

cause intermittent prickling, itching, or burning.

These may be gases trapped in glands of the skin.

(3) Subcutaneous emphysema, a rare finding,

may appear in the forearms or thighs. It is

accompanied by moderate pain and tenderness,

causes crepitation, and can be seen roentgeno-

graphically.

(4) Skin lesions begin as a small area of pale

cyanotic mottling. They spread peripherally

with an irregular edge. The pale center be-

comes erythematous and warm. Mild to moder-

ate pain and tenderness are noted, but no crepi-

tation. During descent the lesion becomes

diffusely red and hot, disappearing in 3 to 5 min-
utes after descent. Four to six hours after

descent, the involved area again becomes tender.
The discomfort is maximal at 24 to 36 hours after

the flight, at which time other signs of inflamma-

tion are occasionally seen. These lesions appear

most frequently in subjects susceptible to the

chokes and are usually found on the chest and

shoulders. Subcutaneous edema may persist

for several days.
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Except for the cold sensation, skin lesions usu-

ally occur only after prolonged altitude exposure

and are associated with or precede more serious

manifestations of decompression sickness.

About 10 percent of those cases going on to

neurocirculatory collapse present previous skin

changes.

Emboli to the skin appear to be the most proba-

ble mechanism. Dilatation of superficial venules

and capillaries adjacent to areas of severe vaso-

constriction is responsible for the cyanotic mot-

tled appearance. Capillary hemorrhage is seen

occasionally, although it occurs more frequently

after exposure to high pressures. While sub-
cutaneous fat may be a primary source of the

gas, it would appear more probable that the
emboli to the cutaneous vessels come down the

arterial tree from arteriovenous shunts in the

pulmonary circulation or through patent foramen

ovale. 189 In necropsied human lungs, glass

spheres of 10 to 250 /_ can actually be passed

from the pulmonary artery to the pulmonary
vein. 423

NEUROCIRCULATORY MANIFESTATIONS

Neurocirculatory manifestations of dysbarism

have been classified in several ways. 2,3,61, ts5
The following discussion taken from Ferris and

Engel _6_is oriented more toward specific mecha-
nisms. Cardiovascular reactions include four

types:

(1) Vasodepressor syncope. This is the most

common type of syncopal reaction. A fall in

blood pressure occurs, followed by the usual

symptoms of hypotension. The hypotension is

relieved by assuming a recumbent position. In

some cases of collapse related to altitude ex-

posure, frank cardiac disturbances are seen: one

coronary occlusion, one paroxysmal auricular
fibrillation, and one case of shortening of the PR

interval with a bundle branch block have been
observed. 33

(2) Nonvasodepressor syncope. The blood

pressure does not decrease, and lightheadedness

is noted. This fluctuates in intensity over a con-

siderable period of time before requiring descent.
Actual loss of consciousness is rare. The condi-

tion is almost always associated with chokes and

is usually correlated with paroxysms of coughing
and cyanosis.

(3) Hyperventilation. Usually, hypocapnic
symptoms are numbness, tingling, lightheaded-

ness, reduction in consciousness, and tetany.

(4) Postflight syncopal reactions. Most cases

are end results of vasodepressor syncope which
began at altitude and subsided within 30 min-

utes. In rare cases, severe and progressive

peripheral vascular collapse develops in 1 to 5

hours after the flight. This reaction may or may

not have been preceded by other syncopal com-
plaints. Signs and symptoms of shock with or

without focal neurological findings are seen.
Delirium and coma are more common when

neurological findings are present. All fatalities

following altitude exposure are preceded by

delayed shock. Such shock usually develops in

subjects who have experienced severe decom-

pression sickness (especially severe chokes), but

may be preceded by few or no symptoms.

Three types of neurologic manifestations may
be seen: 174, 305, 306

(1) Convulsions occur due to cerebral anox-

emia accompanying hypotensive episodes.

(2) Weakness of an extremity simulating a

neurologic lesion can be seen with pain accom-

panying bends.

(3) Focal neurologic signs usually accompany

only cases in which other manifestations of de-

compression sickness are widespread. Homony-

mous scintillating scotomata with central spar-

ing are the most common finding. 452 Other

possible findings include hemiparesis, mono-

paresis, focal or general convulsions, various

aphasias, sensory disturbances, and sensorial

clouding. A throbbing headache frequently de-

velops on the side contralateral to the neurologic

lesions after such lesions disappear. The head-

ache may become quite intense and may be

associated with nausea, vomiting, prostration,

photophobia, and increased pain from movement.

It usually lasts from 1 to 12 hours. Headache has

been noted occasionally without antecedent

neurologic symptoms. The incidence of spon-

taneous migraine is higher in individuals who are

susceptible to headaches and scotomata. Similar

electroencephalographic and neurologic findings
have been seen in spontaneous migraine and

headache-scotomata syndrome of altitude. 174,3°5,

so_ The electroencephalogram is normal in

patients at altitude who show no symptoms or
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only headache. Irregular slow waves are seen

at foci corresponding to neurologic findings and

persist until the findings disappear.
The neurocirculatory collapse syndrome ap-

pears to be primarily caused by air emboli

scattered throughout the body via the arterial

tree. Certainly the massive loss of blood plasma

to the extravascular compartment often seen in

the collapse syndrome is most probably triggered

by bubbles in both the pulmonary and systemic

arterial circulation obstructing capillary flow

throughout the body.79,10_,t22 Spreading of

bubbles from the arterial side appears to explain

much of the symptomatology, 3°5 although vaso-

spasm secondary to extravascular bubbles cannot

be ruled out in all cases. Indeed, a most striking

aspect of the syndrome is that symptoms very

often arise after descent to higher pressures. A

logical explanation of this phenomenon would be

the following: The persistence of bubbles after

recompression is wellknown. 142,214 Gas bubbles

lodging in the arterial side of the pulmonary or

peripheral circulation may originally be large

enough to land proximal to sites of collateral
circulation. 264 The tissues distal to the blood

do not experience ischemia until the bubbles have

become so reduced in size that they pass beyond

the collateral circulation point. In the lung, a

decrease in bubble size may also allow subse-

quent passage through arteriovenous anasto-

moses and out to the systemic circulation to

produce delayed symptoms. Even the recur-

rence of scintillating scotoma of the same specific

pattern in multiple exposures to altitude, formerly

21

used as an argument against the bubble origin,

may be explained by turbulent sites at the branch-

ing of the cerebral vascular tree. 44,123,214,264,379,

416,411,414 Bubbles preferentially generated at
these sites in the cavitation centers of the vor-

tices would tend to lodge in the same area of the

occipital cortex after each altitude exposure,

producing vasospasm 354or frank infarcts. Vaso-

spasm secondary to extravascular bubbles ap-

pears to be a poor hypothesis in this case.

The specific role of fat and bone marrow emboli

in neurocirculatory collapse is still not clear.

The findings of Haymaker and Johnston, 216

Rait, 35r Wittmer, 459 Clay, 161 and Fischer 171 sug-

gest that fat and bone marrow emboh do play a

role in the human syndrome. The relative roles
of air and fat emboli in the pathogenesis of the

syndrome in humans are still open to question. 366

Patent foramina ovale certainly would increase

the potential for fat embolism. The dearth of

adequate underwater dissection in past post

mortem examination skews the human pathologi-

cal data in favor of fat emboli as the prime factor

in neurocirculatory collapse. 1°4
Recent animal studies of Henn and Wiinsche 221

shed some light on the controversy between air

and fat emboli. These investigators found that
the time of ascent to altitude was critical in

determining the type of emboli. Table 6 repre-

sents the specific organ embolization for rats,

rabbits, and guinea pigs at different ascent rates.
In ascents with durations of 20 seconds to

3 minutes at rates of 6000 m/min (20 000 ft/

min) to altitudes of 18 kilometers (58 000 ft),

TABLE 6.- Gas and Fat Embolism in Animals

[AFTER HENN AND WUNSCHE 221]

Exp. no.

AI ........... .

A2 ............

A3 ............

A4 ............

A5 ............

A6 ............

A7 ............

R .............

GP .......... :

Species

Rat ............

Rat ............

Rat ............

Rat ............

Rat ............

Rat ............

Rat ............

Rabbit ........

Guinea pig..

Time of ascent to i8 km

20 sec .........................

1 min ..........................

2½ rain ........................

3 min ..........................

5 min ..........................

7 min ..........................

> 7 min .......................

20 sec .........................

20 sec .........................

Gas bubbles

++

-4-+

+

+

(+)
(+)

++

++

Lungs

(+)
(+)

Fat embolism

Brain Kidney

-- +

-- +

-- +

Heart

m

q
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Gas bubbles Fat embolism
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FIGURE 6.--E/_ect of ascent fate on the [ornnation

of gas and [at enaboH in rats. (AFTER HENN

AND WUNSCHE. T_I)

gas bubbles were found in large vessels. In

ascents of longer duration, few bubbles were
found.

Fat was found in the rats only in the kidneys of

animals decompressing over a period of 3 to 7

minutes (2600 to 6000 m/min or 8500 to 20 000

ft/min). In rabbits and guinea pigs, some fat

emboli were seen in the lungs of rapidly decom-

pressed animals. If the ascent time was greater

than 7 minutes (< 2600 m/rain), no fat emboli

occurred. Figure 6 shows these results graphi-
cally. The authors felt that in the absence of

hypoxia and gas embolization, which can cause

rapid death, enough time is available for autoch-

thonous gas bubbles to form with secondary

disruption of fatty tissue. The exact altitude

and rate thresholds remain to be determined. A

review of the literature on human fat emboli and

two cases of their own suggested to these investi-
gators that the threshold for fat emboli in humans

is between 8 and 12 km/min (26400 to 37 000

ft/min). Rates of 1000 to 1500 m/min (3000 to

4800 ft/min) have produced fat emboli in humans.

Further investigation of these phenomena is
certainly warranted.

Role of Gas Bubbles in Symptoms at Specific Body

Sites

In the-review of symptoms, mention was made

of the potential mechanism involved in each

symptom group. It appears appropriate at this

point to analyze the specific bubble phenomena

which may cause symptoms at different body
sites.

One of the major problems in this analysis is
the difference in bubble formation after return

from high pressure as opposed to exposure at

altitude. Animal experiments indicate that in

the case of diving decompression the role of air

bubbles is much more definite than in the altitude

form of the syndrome. 95,_sg,44°,'9s,199 Bubbles

are seen intravascularly in the arteries and veins

as well as in the capillaries. Bubbles are seen

intracellularly in lipid organs such as adipose

tissue, adrenal gland, and liver. This is not true

in altitude decompression. Relatively few

bubbles are seen in large arteries in animals

undergoing altitude decompressionJ s9 Bubbles

have been seen in the capillaries of fat, in the

arterioles of the adrenal capsule, and in "intra-
neural vessels of the rabbit." Venous bubbles

have been seen in a decreasing order of frequency

in muscle, fat, adrenal, lung, and marrow in

many animals. None have been seen in the
veins of the brain.

The basic physical difference between the two

decompression conditions is well explained by

the analysis of Piccard, s42 who reviewed the rela-

tionship between the internal pressure of a tiny

gas bubble and the surface tension factor. (See

eq. (1).) To prevent the spontaneous collapse

of a bubble at the critical radius, an adequate

internal pressure must be present. Piccard
calculated that if water is saturated with air at

5 atmospheres absolute and the pressure is re-

duced to 1 atmosphere, no gas bubble will grow

unless its radius is 0.36/z. If water is saturated

to 1 atmosphere absolute and the pressure is

decreased to 1/5 atmosphere, no bubble can form

unless the radius is 1.82 tt or greater. The

smaller radius represents 28 × l0 s gas molecules.

From the solubility coet_cient, it can be calcu-

lated that this gas has to be taken from 12.8/z 3 of

water. The altitude bubble requires 690x 106

molecules of gas, and has to be taken from 1620

/.t s of water. The chances of a bubble forming

in the high-pressure case is, therefore, many

orders of magnitude greater than in the altitude

case.

Other factors have been invoked to explain the

difference in the symptom complex of diving as

compared to altitude decompression. 2'_8'34 One
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is the duration of supersaturation of slowly per-

fused fatty tissues. During the typical short-

duration operational dive, the nitrogen content

of the nonfatty tissues and the brain will be high.

The nitrogen content of the fatty tissue will be

relatively low. It has been hypothesized that,

upon return to sea level, the nonfatty tissues and

brain may even desaturate into the fatty tissue

as well as to the air. In this way, the fatty tissue

may actually act as a buffer against bubble forma-

tion. There are, however, no specific data to

support this hypothesis. Busby has actually

shown that the pulmonary blood at sea level is

cleared of 99 percent of the nitrogen in one pas-

sage through the lungs, s7 However, on return

from depth, a larger volume of dissolved gas has
to be cleared. It is uncertain how close the 1-

percent residue is to the maximum threshold of

nitrogen clearance. Altitude decompressions

should more closely parallel the more rare, long-

duration dive where fatty tissues actually become

a site of bubble formation and a source of gas for

other bubbles which do their damage elsewhere.

Another major difference between diving and

altitude decompression appears to be in the

nervous system. Delayed neurocirculatory col-

lapse is thought to be more rare in diving, z°7

However, in the infrequent situation where a

diver is suddenly forced after a prolonged dive to

rise to the surface with no decompression stops,

a more fulminating form of the full-blown neuro-

circulatory collapse syndrome is seen.

A more striking difference between diving and

altitude exposure is the relative rarity of para-

plegic symptoms of spinal cord involvement in

the latter. Even though first reports of severe

nervous system disorder in altitude decompres-

sion involved the spinal cord, s7 this site is rarely

compromised at altitude. Only four other cases

have been reported. 2°7 There have been many

explanations of the differences. 9_,2°7,2_s The

white fatty areas of the cord appear to be most
involved. Presence of extravascular bubbles

in these areas is still open to question. 2_6,2ss Poor

vascularizaton of the white as opposed to the

grey areas is also in evidence. One would ex-

pect that extravascular or autochthonous bubbles

should be present in the fatty, poorly vascular

area, and that the high nitrogen burden possible

in diving decompression should favor this loca.
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tion. However, the shower of nitrogen emboli

from the periphery, landing in the end arteries
of the white matter in the cord, could also be

invoked. Unfortunately, this difference between

altitude and diving decompression, so often used

in the analysis of mechanism, has, in reality, only
confused the issue. It would be desirable to

achieve a better understanding of the differences

in the microscopic pathology arising from vas-

cular embolization as opposed to autochthonous
bubble formation in the cord.

The absence of bone lesions in altitude decom-

pression is also striking. The relative rarity of

this finding in naval diving suggests that the

longer duration of exposure of the caisson worker

and the poor decompression discipline associated

with this occupation are major factors. 2°7 Poorly

controlled, high-pressure exposure for long dura-

tions with gas saturation of the fatty marrow may

he a key to the mechanism.

Finally, a difference is noted in the case of relief

of symptoms upon recompression. Behnke, 3s

who has had the most combined experience with

both diving andaltitude decompression, claims

that altitude decompression symptoms are more

easily relieved by recompression. He attributes

this finding to the relatively greater water and
carbon dioxide content of bubbles at altitude as

well as to the smaller total number of bubbles

seen intravascularly and extravascularly.

What specific roles do gas bubbles play in

altitude decompression of humans? It appears

that in altitude decompression, bubbles most

frequently appear in the extravascular spaces

in and around joints and muscle insertions.

These sites are most likely of aqueous nature.

Bubbles in fatty tissue and extravascular struc-

tures associated with joints may contribute to

some of the problems of bends. Most of the
other manifestations of the decompression syn-

drome appear to involve lipid or intravascular

sites of bubble origin and growth, a97

That bubbles actually form autochthonously in

the adipose tissue if not within the fat cells them-

selves has been suggested by post mortem studies

of humans. 2_6 It must be emphasized, however,

that only in exposure to high pressures have these

types of extravascular bubbles been seen within
the fat cells themselves. Extravascular gas

bubbles have actually never been found in ani-
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malsafterdecompressionto altitude.95,213 An-

other important point is the absence of evidence
to indicate that extravascular bubbles occur in

the lipid-rich brain. 9_ The high level of blood

perfusion in this structure may well be respon-

sible. 246 Only in diving has there been found in

humans questionable evidence of autochthonous

bubbles in the poorly perfused spinal cord. It

is clear that extravascular bubbles within fatty

tissues, do not, per se, cause local symptoms in

decompression sickness of altitude.

It appears that by disrupting adipose tissue,

extravascular bubbles do send fatty emboli to

the periphery. These may, in humans, be in-

volved in the neurocirculatory collapse syndrome.

Adipose tissue also appears to be a source of gas

for bubbles being formed intravascularly in the

venous drainage from this tissue. Fat is the only

tissue in which gas bubbles have been found

within the capillary bed during altitude exposure.

It is at first surprising that in some animal studies

there appears to be no correlation between the

overall fat content of animals exposed to altitude
and the time of appearance of intravascular gas

bubbles, the severity of symptoms, or the time

of survival. 9'_,295 It must be kept in mind, how-

ever, that the tissue perfusion in small experi-
mental mammals is much more efficient than in

man. 9_ This may well account for the general
resistance of the rodents and similar creatures

to decompression sickness. 34,37

A point often overlooked is the fact that exer-

cising muscles are an excellent source of nitrogen
for intravascular bubbles. 95,29'_,34°,4_1 It would

appear that cavitation phenomena as well as the

high level of carbon dioxide are probably respon-

sible for the role of this tissue in producing

symptoms. 6s The bubbles appear to be intra-

vascular, obtaining the gas from the aqueous

phase of the muscle tissue. These bubbles can

pass to the systemic circulation and cause symp-

toms far removed from their site of origin.

Factors Controlling Decay of Bubbles in
Biological Systems

Let us now return to the basic problem at hand.

How does the site of bubble origin determine

the factors controlling growth rate, peak size,

and decay rate of bubbles? What gas-specific
factors are involved?

PHYSIOLOGICAL FACTORS OF INERT GASES

The key to these questions, as mentioned

above, is the perfusion of slightly supersaturated
blood around the site of bubble formation. The

competition between the bubbles and blood for

the gas in the supersaturated solution imme-

diately surrounding the bubble is the crux of

the problem. However, there are three sub-

problems:

(1) What factors control the rate of gas transfer
from the tissue to the blood?

(2) What factors control the rate of gas transfer
from the bubble to the tissue?

(3) What factors control the rate of gas transfer

from the extracellular pockets to the blood-
stream?

Let us examine each of these subproblems.

TRANSFER OF GAS FROM TISSUE TO BLOOD

Using the theory of yon SchriAtter, 3_5Smith and

Morales,31_, 404point out in an excellent theoretical

analysis of the problem that the role of desatura-

tion of inert gases in tissues by gas exchange at

the lungs is determined by five physiological fac-

tors: the oil-blood solubility ratio of the gases,

the w)lume of blood in the tissue at any time, the

volume of tissue containing the gas, the permea-
bility of the tissues to the gas, and the rate of

tissue blood flow. They attempted to weigh

the importance of each of these factors. They

arrived at the following in decreasing order of

importance: tissue permeability, 68 percent: oil-

water solubility ratio, 20 percent: rate of blood

flow, 7 percent; and blood and tissue volumes, 5

percent. The equations of Morales and Smith

were expanded by a series of theoretical analyses

which culminated in a paper 3Is indicating that

the relative roles of permeability and perfusion

were much less certain than in the first reports.

The greatest defect appeared to be the absence

of adequate data on the permeability of gases

through plasma membranes and the simultaneous
measurements of blood-flow and surface-volume

ratios of specific tissues.
The study of Kety 259 reviewed many other

attempts at theoretical definition of inert-gas

exchange in the tissue-blood-lung system and
arrived at the same uncertainty regarding the

relative roles of perfusion and diffusion. The

theoretical analyses of Riggs and (,oldstein 3e2

also cover the lung-blood-tissue kinetics as does
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the study of Shore. 4°_ While these studies pre-

sent excellent frameworks for analyzing compart-

ment kinetics, they also do not clarify the issue

of the relative roles of perfusion and diffusion

in limiting tissue gas exchange.

The most cogent empirical data to this point are

presented by the studies of Jones, 249 who indi-

cated that the diffusion of nitrogen from the

tissues to the blood is too fast to have any limit-

ing effect on the rate of the overall exchange

process. This point is of great enough import-

ance to the present study to justify a more

detailed expansion of his results. Jones found

that the total amount of nitrogen exhaled or ab-

sorbed by the body up to time t, or in differential

form, the time rate of these processes, can be

represented by the following equations:

QN2=Al(1-e- _,t)+A2(1-e-u2t)+. . .

+An(1--e-kn t)

In each case, it is expressed that the exchange

process is only conditioned by the volume of the

system and the blood circulation through it and

is not limited to any appreciable extent by diffu-

sion of nitrogen within the tissues or by permea-

bility factors. On such a basis it is shown that if

dQN2/dt = k lA le -kit + k2A2e -_2t -4-. . .

+ k,Ane-_', t

where

A 1= VA,aa,po (14)

A1 volume of dissolved nitrogen in the system
A at zero time

VAI volume of the system A1

c_.4, average solubility coefficient of nitrogen in A

po partial pressure of nitrogen in A_ at zero
time

then

(12) Fa ,ahLood
kl (15)

VAIOtA l

(13) where

where QN_ is the volume of nitrogen, and A and k

are constants. In one very fully studied case,

the constants of this equation were found to be

A_= 111 cm 3 Az = 193 A3=428

A 4= 95 A 5= 600

k1=0.462 k2 = 0.087 k3 = 0.0235

k4 : 0.008 k5 = 0.0025

This composite, exponential decay process is

attributed to the existence in the body of some

five systems of varying tissue-blood perfusion

relationship:

The first is the blood itself, plus the very vas-

cular organs, such as the kidney in which the

ratio of the blood flow per minute to the volume

of the organ is high.

The second and third probably comprise, in

the main, the large muscle mass of the body.

The fourth is the poorly circulated tissues that

possibly contain some fat.
The fifth is the tissue that contains consider-

able fat.

Fa_ blood flow through A per minute

C%lood solubility coefficient of nitrogen in blood

and similarly for A2, k2, etc.

That diffusion of nitrogen from the tissues to

the blood is too fast to have any limiting effect

on the rate of the overall exchange process is

strongly indicated by Jones' experiments on the

rates of elimination of the different noble gases

from the body, all of which also conformed to

equations (12) and (13). Thus, in studies ranging

from helium (atomic weight 4) to xenon (atomic

weight 130), no difference could be found between

the value of the k constants, although the diffusion

constants of these gases in water vary inversely

as the square root of the atomic weight. Table

2 of this paper indicates the relative diffusion

constants through gelatin which compare the

actual diffusion constants. The only exception

to the uniformity in the k constants is seen in the

k_ constant for xenon, which is considerably less

than k5 for nitrogen. Jones points out that this

may well be due to the lower value of the _bloo_[a_

factor for xenon because of the presence of the

high proportion of fat in the A_ system. In table

246-829 0-67--3
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2 it can be seen that the oil-water solubility ratio

for nitrogen is one-fourth that for xenon. These

experiments are indeed convincing even if the
number of subjects is limited. However, direct

and conclusive proof that the empirical constants

k of Jones are, in fact, simply tissue perfusion

rates is still lacking.

In support of the Jones hypothesis is the excel-

lent theoretical study of Roughton. aT_ This

investigator reviewed and elaborated on the capil-

lary diffusion equations of Krogh, 269who assumed

that each blood capillary of radius b has about

it a coaxial cylinder of tissue of diameter equal

to the average distance 2a between open capil-

laries in the tissue. Since about 4 percent of the

blood volume in man is in the capillaries and since

the total blood volume in man is about 8 percent

of the body weight, each capillary can be regarded

as serving, on the average, a cylinder of radius

equal to 1/[(0.04)(0.08)] 1/2, or 17.7 times the radius

of the capillary. Assuming the average capillary
has a radius b of 4.0 × 10 -4 cm, then the value

for the diffusion radius, a, about each capillary

= 7.1 x 10 -3 cm. Figure 7 represents the rela-

tion calculated from Roughton's pure diffusion

equation between the log of the coaxial ratio

O= b/a and the log of the half time fi_r the rate

of elimination of dissolved nitrogen from the

space between the two coaxial cylinders into the

blood flowing through the central capillary cylin-

der. He assumed that the rate of elimination of

nitrogen is entirely conditioned by diffusion and
that the mean value for diffusion coefficient of

nitrogen through animal tissues is 1xl0 -5.

(See table 2 for empirical range.) It is seen from

figure 7 that for a 0=17.7, the half time for

elimination is 4 seconds. The half times In 2/ka

for the five compartments of Jones are A_=90
seconds; A2=480 seconds; A3= 1760 seconds;

A4=5170 seconds; andA5=18200 seconds. It,

therefore, appears that the half time of 4 seconds

calculated from the assumption that diffusion is

the main limiting factor is less than 5 percent of

the observed half time of even the fastest system

A, and is certainly less than 1 percent of the half

times of the average system. Roughton further

analyzed tile case for the most highly perfused

heart system (see table 12) as opposed to the

most poorly circulated tissue in Jones' experi-

ments 24, and once again concluded that diffusion

I I I I i

I I I I I

-1 0 1 2 3

•r- LO0,otime for half-process, sec

FIOURE 7.--Relation between 0 and r /or diffusion

of dissolved nitroi_en from space between two

coaxial cylinders of radii a and b, for b=4>(lO -4

cm, 0----a/b, T=haH process time. (A_'TEIt

ROUGHTON. s71 )

is almost definitely not the rate-limiting process

in the exchange of tissue, blood, and inert gas.

Even though direct and conclusive proof is

absent, it would appear that there is good justi-

fication in assuming that perfusion and not diffu-

sion is generally the rate-limiting factor in the

diffusion of gas from tissues into the bloodstream

and that the process is strongly determined by the

factors of equation (15). Hempelman 2_9 has
stressed that some diffusion limitation must still

be considered for specific tissues which may

play a critical role in bends.

TRANSFER OF GAS FROM BUBBLE TO TISSUE

From the analysis of Epstein and Plesset t59

and the empirical data and analysis of Wyman

et al. 47° it appears that the decay of a bubble in
saturated or unsaturated solutions of the gases

will follow the same general equations as those

describing bubble growth in supersaturated solu-

tions. As would be expected for bubbles con-

taining several gases, the relative percentage of

each gas in the bubble changes with time depend-

ing once again on the solubility and diffusion

coefficients of the gases. From the empirical
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data of Wyman et al. on the decay of an air bubble
in water arose the calculation discussed above

that the "effective diffusion shell" about the

bubble is 3.3 × 10 -3 cm.

Empirical curves describing the decay in size
of an air bubble in air-saturated water or blood

has been presented by Pattie. a36 Figure 8 rep-

resents a typical time course of a bubble 50/z
(5 × 10 -3 cm) in diameter in a drop hanging from

a microscopic slide. The surface tension factor

2_t/r is rather large in such a small bubble and is

responsible for the rapid terminal collapse rate.

A more generalized picture of bubble decay

can be seen from the calculations of Epstein and

Plesset. 159 Figure 9 represents the radius-time

relation for dissolving bubbles with and without
surface tension. The ordinate _ is the ratio of

final bubble radius to the initial radius r/ro and

the abscissa X is a dimensionless parameter pro-

portional to the square root of time, t I/z. The

solid curve represents the quasi-static solution for
a gas bubble in an undersaturated solution with

surface tension neglected. The dashed curves

include surface tension for an air-water interface

and depend in form on the supersaturation ratio
f or the ratio of initial dissolved air concentration

to the concentration at saturation. All curves

are drawn for an initial radius ro of 10 -3 cm.

6O

A

,c 40

E
t_
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e_
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FIGURE 8.--Time course of contraction of bubbles

in air-saturated oxalated whole guinea pig

blood. (AFTER PATTLE.3se)
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FIGURE 9.--Radius-t/me relation for dissolving

bubbles. (AFTER EPSTEIN AND PLESSET. 159)

The role of surface tension is more obvious when

it is remembered that the abscissa represents t _/z.
Table 7 represents some of the actual times

(seconds) for complete solution of air bubbles of
different initial radius r0 in water solutions of

different ratios of unsaturation f. Times are

given for the complete solution neglecting surface

tension t, a quasi-static approximation also

neglecting surface tension ta, and the same quasi-

static approximation including surface tension
ts. It should be noted that the surface tension

effect (t, versus ts) is more pronounced in the

smaller bubbles. The values of t and t, are pro-
portional to the r_, since, in the absence of sur-

face tension, surface area determines the rate of

dissolution of the bubble. When saturated, all

three bubbles would persist indefinitely were

there no surface tension. In altitude decompres-

sion, one would expect an unsaturation ratio of

from 0.25 to 0.50. The value of 0.50 would be

the more common. From the table it is seen that

in the presence of surface tension ts, a bubble

with an initial radius of 10 -3 cm should last only
1.96 seconds; a bubble with an initial radius of

10 -z cm should last 2.41 seconds; and a bubble

with an initial radius of 10- ' cm should last 24 900

seconds, or about 5 hours. It is also of interest

to note that the 600-second empirical lifetime of a
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TABLE 7.--Time for Complete Solution of Air Bubbles in Water
[AFTER EPSTEIN AND PLESSET 159]

0 ..............

0.25 ..........

0.50 ..........

0.75 ..........

1.00 ..........

r0= 10 -3 cm

t, sec ta, sec is, see

1.05 1.25 1.17

1.44 1.67 1.46

2.21 2.50 1.96

4.58] 5.00 2.99

] ,

r0 = 10 -_ cm ro = 10 -1 cm

ta, sec ts, sec

1.25 × 102 1.24 X 102

1.67 1.64

2.50 2.41

5.00 4.60

58.8

ta, sec ts, se¢

1.25 x 104 1.25 X 104

1.67 1.66

2.50 2.49

5.00 4.95

580.0

bubble of radius 5 x 10 -a cm under saturated

conditions f= 1 as seen in figure 8 would have

been predicted by the theoretical calculations of
Epstein and Plesset.

Another interesting bubble-decay study was

performed by Downey et al. 142 These investi-

gators decompressed a container of serum to

43000 feet and studied the changes in bubble

size. Unfortunately, no attempt was made at

direct quantification of actual bubble size. 466

By comparing the photographs of a bubble with

a No. 50 thread (0.127 mm) used as a trap in the

experiment, one can calculate that during the 15
minutes the bubble remained at 43000 feet it

increased from 1 mm to 1.6 mm in radius, or

fourfold in volume. Upon recompression to sea

level, the bubble did decrease in size by 50 per-

cent, but it persisted. Worley 46s reports that
bubbles in the same container reached different

peak sizes. This probably results from variation

in the size and stability of preformed gas nuclei, z14

The larger ones, such as the one in the photo-

graph, tended to persist on return to sea level;

the smaller ones collapsed. It must be remem-

bered that unlike the serum in vivo which is

always desaturating at altitude, the serum in the

container probably remains supersaturated. The

long persistence of the bubble on return to sea

level is not surprising in view of the theoretical

calculations seen for the (jr= 1) case of table 7 for

a bubble of 2- to 3-mm radius produced by decom-

pression in these studies. Bubbles in synovial
fluid and blood act consistently the same as those

in serum. 466 The size and persistence of bubbles

in urine varied from batch to batch probably as
a function of the level of crystalloid matter in

the fluid, zl4 Experiments such as these could

go far in establishing the role of the lipid and

protein "skin factors ''z"s of bubble dynamics

in vivo.

TRANSFER OF GAS FROM EXTRACELLULAR POCKET TO BLOOD

Subcutaneous pockets of gas have been pro-

duced by direct air injection. 34a,4aa The factors

controlling the collapse rate of these large pockets

(20 ml) of gas are more complicated and less cer-
tain than the tissue-to-blood or bubble-to-blood

transfer. The varying tissue content of the

pocket wall is a major factor in the variable con-

clusions regarding the relative role of perfusion

and diffusion. An analytical model of this prob-

lem is presented in figure 10. In this model, an

inert gas with partial pressure Po diffuses with
a rate V through the heavily hatched diffusion
barrier which has a resistance to diffusion l/D,

into the blood flowing with perfusion rate 0. The

gas solubility coefficient in blood is a. The

pressure of gas in the blood changes from P_ to

P2. The diagram and equation in figure 10(a)

are for simple perfusion limitation; figure 10(b),

for combined perfusion and diffusion limitation;

and, figure 10(c), for simple diffusion limitation

by the tissues between gas pockets and the blood.

The actual collapse rates of gas pockets were

determined with the mixture of 80 percent inert

gas, 20 percent oxygen. The ratios of absorp-

tion rate of the inert-gas components compared

with those of nitrogen were: nitrogen, 1.00;

helium, 1.2; hydrogen, 1.7; and argon, 1.9. Pre-

diction of empirical collapse rates by comparing

physical properties of different inert gases in the

pockets was best accomplished by the model and

equations representing a mixed perfusion-diffu-

sion limitation. In the case of nitrogen and
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FIGURE lO.--Analytical mode/ for inert gas ab-

sorption from gas pockets. (AFTER PIIPER ET

AL.343)

argon, diffusion limitation predominates. In the

case of helium and hydrogen, perfusion and diffu-

sion were of comparable magnitude. It should

be remembered that the solubility of the gas in
the diffusion barrier itself had been omitted from

the model. In an area where the gas pocket

wall is predominately lipid, the lipid-water solu-

bility ratio would play a considerable role in the

absorption process of this model system. The

inert gases of larger molecular weight would be

more strongly affected by this consideration

(tables 1 and 2).

It must be remembered that these gas pockets

are probably of larger volume than those seen

with X-raySe in bends. Larger amounts of gas

are seen in the articular cavity and in bursae, but

seem to be associated with little pain. An injec-

tion of 50 cc or more of air may actually be in-

jected into the knee joint, for example, with an

associated feeling of tension, but not of pain. '°7

In the gas pockets in "tight" tissues where pain

correlates well with bubble size, the volume ap-

pears to be less than 20 cc. Exact volume deter-
minations from two-dimensional films are dimcult.

The effective diffusion thickness of these gas

pockets has been very roughly estimated from
perfusion and diffusion data. Besides inade-

quate knowledge of the absolute values of diffu-

sion coefficients and perfusion parameters, there

is a deficiency in the knowledge of the percent of

surface area of a pocket that is effectively ex-

changing gas. Piiper et al. 343 estimate the effec-

tive thickness of their pockets at 130 /x if the
whole surface area is considered. If the whole

area is not considered the probable range is 10 to

100/x depending on the percent of total area avail-

able for diffusion. In the 25-ml pockets that

Van Liew 433 studied in the rat, the average effec-
tive diffusion thickness was calculated to be from

180 to 480/.L, depending on the selection of diffu-

sion coefficient of oxygen in connective tissue or

serum. This author compared the permeability
coeffcients and calculated effective membrane

thickness of alveolar membrane, bubble in water,

and subcutaneous gas pocket of the rat. The

results are seen in table 8. The permeability
coefficient is defined by Davson and Danielli 134

TABLE 8. --Comparison of Permeability Coe_cients and Membrane Thickness of 3 Interfaces at 37 ° C
[AFTER VAN LIEW 433]

Interface

Alveolar membrane ................

Bubble in water .....................

Subcutaneous gas pocket, rat...

Permeability coet_cients, ml × 10-4]min-cm2-atm

02

300 to 900

150

6.6

N2

57 at 20 ° C64 at 21 ° C

3.3

Effective thickness

of membrane,/.L

1 to 11

33

31

180 to 480

Reference

177

47O

191

433
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as the amount of substance diffusing through a

membrane per unit tissue area and unit concen-

tration or pressure difference. This table indi-
cates that the oxygen permeability coefficient of

a typical gas pocket in rats is 1/5o to 1/15o that of

the lung, and 1/2_ that of a bubble in water. The

nitrogen permeability coefficient is about 1/2o
that of a bubble in water. The calculated mem-

brane thickness or diffusion shell thickness in

the case of the bubble is also recorded.

Since the relatively thick connective tissue gas

pocket is only partly diffusion limited, diffusion

would be expected to play much less of a limiting
role in the thinner, undisturbed tissue-blood bar-

riers. A recent study of relative roles of perfusion

and diffusion in control of the passage of gas
across a cutaneous barrier further indicates the

complexity of the problem. 263

PHYSIOLOGICAL FACTORS OF INERT GASES

appears to be no evidence of autochthonous bub-

bles in the brain and the spinal cord at altitude,

although the histological criteria for this interpre-
tation are not clear. 216

The growth of the bubble from gas dissolved

in the fat tissue is determined by the permeation

coefficient (OtfatDfat). The depletion of nitrogen

from the tissue conflicting with this process is

determined by the constants k4 and ks of Jones

which probably represent relative tissue perfu-

sion rates and solubility factors for adipose tissue

seen in equation (15).

Calculation of Gas-Specific Factors Controlling Peak

Bubble Size

From the above discussion it is apparent that

bubbles forming at each body site will have gas-

specific growth and decay factors which should

determine peak size for the specific bubble in

question. It also appears that peak bubble size

at a specific body site as well as the number of
bubbles is related to symptoms at that site. The

case of bubbles remaining at the site of origin as

well as those transported to distant sites must be

considered. It may also be possible to quantitate

in some way the degree of hazard presented by

an inert gas during the decompression episode

in space. From the previous discussion it is

suggested that the following classes of bubble

need be considered: (1) bubble forming autoch-

thonously in adipose tissue: (2) bubble forming

intravascularly within adipose tissue and remain-

ing in situ, (3) bubble forming intravascularly in

adipose tissue or muscle and lodging in a blood

vessel at any remote site; and (4) bubble forming

extravascularly as a gas pocket in connective

tissue about a joint.

CASE I. BUBBLE FORMING AUTOCHTHONOUSLY IN ADIPOSE

TISSUE

A bubble of this type is a factor in generation

of the most serious neurocirculatory collapse

syndrome. Fat emboli arising from disrupted

adipose tissue are the specific danger. There

k - Fadlp°se × t3_bl°°d

Vadlpose OLfat

That gas with the lowest constant (k) or the

highest value of c_tat/abtood will show the lowest
rate of transfer from tissue to blood. The peak

bubble size for an autochthonous bubble in adi-

pose tissue will, therefore, be a function of the

product of

(OtfatDfat))< (Otfat/Otblood)

o_2fatDfat

oL b Iood

How do the different inert gases compare with

respect to this bubble factor? Table 9, case 1,

represents the bubble peak factor for autochtho-

nous bubbles in adipose tissue and the relative

bubble peak factor normalized to nitrogen = 1.

The values for afar, Dfat, and O/blood are obtained

from table 2. The value of c_huma, tat is essentially

equal to a,)uw oil and, so, the aoUv_ oil values were

used for helium and argon where there are no

values_ available for Oqaumanfat. The values of

Dta t are extrapolated from nitrogen data on Dlard

by Graham's law in table 2. As was discussed

in chapter 1, the value of ab_ood is essentially that

of OLwater and, so, the aw_t_ values of table 2 were

used. A sample calculation for helium would,

therefore, be

0.015 × 0.015 × 9.28
BF = -- 0.23

0.0086

It is entirely fortuitous that the bubble factor

for nitrogen turns out to be 1.0. The row en-
titled "relative bubble factor (nitrogen=l)"

indicates that the peak autochthonous bubble
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TABLE 9.- Inert Gas Bubble Factors in Decompression Sickness
[These factors hold for any given supersaturation ratio]

31

Gas

Bubble site and factors

He Ne A Kr Xe N2

Case 1

Adipose tissue (autochthonous):

Bubble factor (°t_atDfatl
\ ab,ood / .........................................

Relative bubble factor (N2= 1) ..............................

Case 2

Adipose tissue (intravascular in situ):

Phase 1-early bubble:

Bubble factor (O_bloodDblood)...............................

Relative bubble factor (Nz= 1) .........................

Pkase 2-terminal bubble:

Bubble factor (OtfatDfat) .....................................

Relative bubble factor (Nz = 1) ..........................

Case 3

Bubbles originating intravascularly in adipose or muscle

tissue and lodging in the pulmonary or systemic vascu-

lature: bubble factor (relative rank) ............................

Case 4

Gas pockets in connective tissue: bubble factor (relative
rank) .....................................................................
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.08 .41 .85 2.50 .22

.34 1.9 3.9 12.0 1.0

1 3 4 5 2

1 3 4 5 2

size in adipose tissue of a bubble with helium

would be 0.24 times the peak size of a bubble of

nitrogen. Comparison of the relative values

suggests that for any local supersaturation ratio,

neon is the safest gas, with helium a close second,

and nitrogen third. The other gases increase in

hazard with increasing molecular weight. It

would thus appear that neon and helium are more

than four times safer than nitrogen if autochtho-

nous bubbles in adipose tissue are at issue.

It must be kept in mind that there will be a low

but variable level of carbon dioxide and oxygen
in these bubbles. This would dilute the effect

of the inert gas in the overall bubble factor.

CASE 2. BUBBLES FORMING INTRAVASCULARLY IN ADIPOSE

TISSUE AND REMAINING IN SITU

Case 2 bubbles are dangerous because of

their potential for also disrupting adipose tissue

and producing fat emboli. The relative roles

of the intravascular as compared with the autoch-

thonous bubbles in disrupting adipose tissue is

still a moot question. One can assume, however,

that a bubble trapped in a capillary of the adi-

pose tissue may grow and eventually disrupt the

tissue. Let us now analyze the gas-dependent
factors involved.

Gas leaving the adipose tissue and entering

the bloodstream passes through many diffusion

barriers. These are the intracellular lipid, the

adipose cell membrane, and the capillary mem-

brane. On the whole, these barriers are of lipid

and lipoprotein materials. The rate of passage

of an inert gas across this barrier would be most

closely dependent on the permeation coefficient

OttatDfat. The gas then would have to cross the

diffusion barrier presented by the blood sur-

rounding the bubble. The bloodstream from the

arterial side of the capillary is perfusing the

bubble with fluid less supersaturated than the

adipose tissue. This moving fluid is, therefore,

diluting the inert gas dissolved in the blood

around the bubble. When the bubble is small

and the adipose tissue is supersaturated, the
great flow of blood and the thick blood barrier

would probably make the "effective capillary-to-

bubble diffusion path" the limiting factor in early
bubble growth. This permeation coefficient

would be abloodDbloo d. Since ablood is essentially

equal to ¢_water and Dblood is essentially equal to
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Oserum, the permeation factor O_water and Oseru m is
used to establish the early rate of bubble growth.

As the bubble increases in size and begins to ob-

struct capillary flow, the effective diffusion barrier

in blood decreases and the tissue barriers become

more effective. The bubble finally obstructs the

capillary flow and increases in internal pressure

until it disrupts the capillary wall. The increase

in bubble pressure becomes then a function of

the permeation coefficient of the gas through an

"effective diffusion shell" composed of the lipid

in the adipose tissue, the adipose cell membrane,

and the capillary membrane. The OtfatDfa t co-

efficient then would serve as the limiting factor

in the terminal phase of the bubble. The values

are obtained from table 2 where Dl_ro is u_ed

for Dfa t.

Let us look at the bubble factors presented

by the permeation coefficients of early and late

phase bubbles. Table 9, case 2, represents

the calculations for the two phases of the life

history of such a bubble. The relative bubble

factors (nitrogen=l) are of prime interest.

In the early phase, and fi_r any given supersatu-

ration ratio, neon again appears to be the most

favorable gas, nitrogen is second, and helium

and argon third and are of equal danger. In
the early phase, a bubble of neon would reach

a size about 0.9 times the size of a nitrogen

buhble: helium and argon bubbles would be

about 1.8 times larger than the nitrogen bubble.

In the terminal phase of the bubble, neon is

again the best gas, with helium second, nitrogen

third, and the other gases increasing in danger.

A neon bubble would reach a terminal pressure

of only 0.3 times that of nitrogen. A helium

bubble would reach a peak 0.6 times the pressure

of a nitrogen bubble fl)r the same local super-
saturation ratio.

The question still remaining is a difficult one.

At what stage of the bubble growth does the

phase 1 condition become phase 2, and what

are the relative durations of each phase? Be-

cause of the complex factors in establishing the
role of blood mixing in determination of the

"effective diffusion barrier," the answer to this

question is not available. The crossover point

between phase 1 and phase 2 is, therefore, un-

certain. Regardless of the crossover point,

neon appears to be the least hazardous gas, with
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helium and nitrogen a close second for the same

supersaturation ratio.

CASE 3. BUBBLE FORMING INTRAVASCULARLY IN ADIPOSE

YlSSUE OR MUSCLE AND LODGING IN A BLOOD VESSEL AT A

REMOTE SITE

The formation of an intravascular bubble in

muscle or adipose tissue would be controlled

by the same general factors as those described

in case 2. The early phase of the bubble would

be determined by the otbzooaDbtooa factor. Be-

cause the muscle tissue is more highly perfused

than the fat, it would be expected that the early

phase would last longer in this tissue. Some

time before the bubble passes out the venous

channels, there may be a point at which the

tissue permeation coefficient becomes limiting.

For the same reasons presented in case 2, the

crossover point is difficult to determine. The

longer a bubble remains in situ, the greater will

be the role of the tissue permeation coefficient.

In the capillaries of adipose tissue, the tissue

permeation coefficient will be the same as that

calculated for the terminal phase of a bubble

in situ. In the case of muscle tissue, the per-
meation coefficient is more difficult to determine.

The issue is confused by the presence of sarco-

plasm in the initial part of the barrier. The

permeation coefficient of nitrogen in muscle

appears to be only about one-third that in water. Ia9

What part of the total diffusion barrier is muscle

tissue and what part is lipoprotein membrane

is not known. Since the permeation coefficient

of muscle is partly determined by the presence

of lipid reticulum in the sarcoplasm, it would

appear that the total permeation barrier for

muscle tissue would lie between the values of

phase 1 and phase 2 of case 2 in table 9, but much

closer to phase 2. Neon is, no doubt, the least

hazardous, with helium and nitrogen close sec-

onds. No further quantification is possible from
the data available.

Since they are being continually perfused with

venous blood which is supersaturated with inert

gas, the bubbles from adipose tissue or muscle

lodging in the pulmonary capillaries will probably
continue for a while to increase in size and con-

tinue to determine the pattern of chokes symp-

toms. In the capillaries the abloodDb_¢_,d factor

will control the bubble growth rate. This is

the same factor as case 2, phase 1.
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As soon as the body stores are depleted to the

point where the venous blood is unsaturated with

respect to the pulmonary bubble, the bubble

will decrease in size at a rate again determined

by the amoooDblood factor. The bubbles lodging in

the arterial side of the systemic vasculature will

always be perfused by relatively unsaturated
blood and will decrease in size in accordance

with the ¢_btoodDblood factor for the gas. How-

ever, the perfusion rate of the site around the

lodged bubble will probably be the actual rate-

controlling factor in bubble decay in both the

pulmonary and systemic vasculature. At bifur-

cation points where adequate flow may be passing
into the unblocked branch to allow diffusion to

limit bubble decay, this may not hold true.

From the above discussion it would appear

that prediction of an overall bubble factor hazard

index for intravascular bubbles lodging in remote
sites is much less certain than case 1 or 2. The

bubble size representing a crossover point from
an effective serum diffusion barrier to tissue

diffusion barrier is not clear. The relative im-

portance of each phase of bubble growth is not

clear. In the case of bubbles lodging in pul-

monary capillaries, the ratio of effective bubble

growth at the site of origin to that in the pul-

monary capillary is not clear. With all of these

uncertainties it can only be stated that for bubbles

originating in muscle or fat and lodging in the

pulmonary or systemic circulation, the degree
of hazard will lie somewhere between that

calculated for phase 1 and phase 2 in case 2 of

table 9. For bubbles originating in fat, the factor

will be weighted more heavily in favor of phase 2.

For bubbles lodging in the pulmonary circulation,

the factor may be weighted in favor of phase 1.

Again, the presence of carbon dioxide and oxygen

in the bubble will dilute the inert gas effect.

This may be an appreciable factor in active

muscle where carbon dioxide levels are relatively

high. In any case, analysis of these bounding

conditions suggests that neon is probably the

safest gas; helium and nitrogen are close seconds;

and argon is most likely third for any given super-

saturation ratio in this type of bubble.

CASE 4. BUBBLES FORMING EXTRAVASCULARLY AS A GAs
POCKET IN CONNECTIVE TISSUE

This case is probably of the most frequent

occurrence in decompression sickness although
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it is the least hazardous from a medical point

of view. Let us once again review the growth

and decay factors controlling peak bubble size

in connective tissue pockets. The growth fac-

tor, as in previous cases, is the permeation

coefficient of the gas in connective tissue OtctDct.

The decay factor for the connective tissue gas

pocket, as was discussed above, includes both

a diffusion and perfusion limitation. In the case

of nitrogen and argon, diffusion predominates.

In the case of helium and hydrogen, perfusion

equals diffusion limitation. In the case of nitro-

gen and argon, the gas-dependent decay factor

would, therefore, be a compromise between the

perfusion-limited Ogct/Otbloo d factors of equation

(15), and the diffusion-limited OtctDct permeation

coefficient, with the latter predominating. For

nitrogen and argon, however, the oect/o_b_ood is

probably close to unity 139, table 10 and so there

would be little or no gas dependency in the per-
fusion factor. In the case of helium and, no

doubt, neon, the Olct/_bloo d would be even closer

to unity than in the nitrogen-argon case; there-

fore in spite of the relatively larger perfusion

role, there would again be little or no gas-de-

pendent discrimination in the perfusion sector

of the decay dynamics. It, therefore, seems that

only the diffusion process would involve gas-

dependent factors in gas pocket decay within
connective tissue.

From the above analysis, it would appear that

only the OtctDct factor would significantly deter-

mine peak bubble size. Unfortunately, there

are almost no data to calculate the permeation

coefficients for the different inert gases in con-

nective tissue. The variability in structure of

this tissue from site to site about a joint further

confuses the issue. The calculation of connec-

tive tissue permeation coefficient for nitrogen
of 0.53 x 10 -5 cm2/min/atm is about one-third

that of serum (1.5 x 10-5), and slightly less than

that of muscle tissue, (0.84x 10-5). 139 These

ratios would not, of course, hold for all the inert

gases. Presence of nonaqueous collagenous

materials and lipids is no doubt responsible for

reduction of this permeation coefficient below

that of serum. It would appear that the actDct lies

somewhere between the OlbloodDbloo d and afatDfat

factors used in case 2 of table 9, Because of the

variability in connective tissue of the collagen
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lipid ratio, the exact position of the permeation

coefficient between the two permeation bound-

aries is most difficult to determine. Fascia

and tendons would probably fall very much closer

to the CtblooaDbtood factor than to the OtfatDfat.

Areolar tissues about the joint may have a some-

what larger fatty component, but would still

lie closer to the Ctb_ooaDb_ooain permeation co-

efficient. Analysis of the bounding conditions

suggests that neon is probably the least hazardous

gas, with helium and nitrogen a close second,

and argon in third place. The other gases would

be much more hazardous from the point of view

of the peak bubble factor in connective tissue

pockets. The relative rankings are recorded

in table 9 and are limited to conditions of equal
supersaturation ratios at the bubble site.

The relative bubble factor of case 1 is the most

clear cut of the indices. A choice must be made

between the relative bubble factors of early or

late bubble phases in case 2, or an arbitrary
compromise must be established between the

two factors. In cases 3 and 4 there are no clear-

cut indices other than the relative rankings noted
in table 9.

Do these theoretical considerations allow the

establishment of an overall decompression sick-

ness hazard index for different inert gases?
It is obvious from the previous discussion that

each of the four bubble types has its own specific

hazard index related to peak bubble size for any
local supersaturation ratio. To present an

overall index, the inert-gas factors controlling

the local supersaturation ratio at the site of
bubble formation would have to be determined.

The local supersaturation ratio determines two

factors: the number of bubbles forming and the

rate of growth of each bubble. The super-

saturation ratio is, in turn, a function of the

initial amount of gas dissolved in specific body

tissues and the desaturation rate of these tissues.

As discussed in the next two sections, the gas
desaturation curves are the key factor in estab-

lishing allowable decompression time in diving
tables. 427 These tables are based on the fact

that if a given degree of supersaturation of a

critical tissue is reached, symptoms will arise.

By adjusting decompression rates so that these

critical supersaturation ratios are not surpassed,

the development of symptoms can be avoided.
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The ultimate pattern of bubble formation is,

therefore, a function of the total amount of gas

available in any tissue site, the degree of super-

saturation at the surface of the bubble, as well

as the bubble-growth factors determined. In

the acute type of decompression events expected

in space cabins, consideration of the tissue-

desaturation rates may be as important as the

bubble-growth factors. Assuming that gas-

dependent factors can be established for critical

supersaturation ratios at any critical site, how
can the absolute bubble number and size be

related to an overall hazard index? Two other

facts are required. They are the empirical

frequency of symptoms arising from each of the

four bubble types and the danger to mission or

life represented by these symptoms.

EMPIRICAL AND OPERATIONAL DATA ON INERT

GASES IN DECOMPRESSION SICKNESS

Now that the theoretical aspects of inert gas

factors in decompression sickness have been re-

viewed, it seems appropriate to compare pre-

dictions with empirical and operational facts.

Unfortunately, most of the data have been gen-

erated in the field of diving where inert gases

other than nitrogen have been used, primarily

to avoid the problem of nitrogen narcosis or

"rapture of the deep." The theoretical differ-

ences between diving and altitude decompres-

sion have been covered in the previous section.

The practical differences will become obvious

before long. Animal studies will be considered

first.

Animal Studies of Decompression

From High Pressures

In 1926, Sayers and Yant 377 exposed guinea

pigs to 10 atmospheres of helium-oxygen and

nitrogen-oxygen mixtures in an attempt to com-

pare the relative effects of these mixtures in

decompression sickness. After exposures at

depth from 1 to 5 hours, the shortest decompres-

sion time for helium-oxygen was 4 minutes; that

for nitrogen-oxygen was 26 minutes. No bubbles
were seen in tissue or veins of animals decom-

pressed from helium-oxygen after 15 minutes of

decompression. The same was true for animals

decompressed from nitrogen-oxygen over a

period of 45 minutes. No bubbles were seen in
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fatty tissue of the helium-oxygen group, but

they were observed in all but one of the nitrogen-

oxygen group. This suggests that the overall
threefold or fourfold decrease in decompression
time was no doubt a result of the factor of solu-

bility coefficients.

Gersh et al. _a° have compared the effects of

mixtures containiqg 20 percent oxygen and 80
percent of either nitrogen, helium, or argon with

100 percent oxygen on microscopic tissue changes

in decompressed guinea pigs. After compression

in small chambers for 60 minutes at 30 to 150 psi,

the animals were decompressed within 4 sec-

onds. In fatty tissue, extravascular bubbles

occur, in order of decreasing frequency, after

exposures to argon-oxygen, nitrogen-oxygen, 100

percent oxygen, and helium-oxygen mixtures.

Intracellular bubbles occurred after breathing

argon-oxygen, nitrogen-oxygen, and helium-

oxygen mixtures, but not after breathing pure

oxygen. The minimum pressures required for

bubbles with each gas were: argon-oxygen, 60

psi; nitrogen-oxygen, 75 psi; and helium-oxygen,

90 psi. Intravascular bubbles were present

with all gas mixtures. In the adrenal cortex,

bubbles occurred with the same frequency as

in fat, except that only rarely were bubbles seen

after the subject had breathed 100 percent oxy-

gen. The same is true in the liver and myelin

sheaths where 100 percent oxygen produces no

bubbles. After decompression in any of the

gas mixtures, gas bubbles are not found in muscle

fibers or in tissue spaces of skeletal muscle.

These findings are in contrast to the altitude de-

compression results reported by Gersh and

Catchpole 95, tsa and reviewed in a previous sec-

tion. The total number of gas molecules avail-

able for bubbles in the higher pressure condition

is no doubt responsible for the difference seen

in these small animals which have relatively

high resistance to decompression sickness. 342
The order of bubbles seen in fat after different

inert-gas mixtures would have been predicted

from the analysis of case I in table 9.

Pressure-dependent survival limits of the

guinea pigs for the different inert gases were

also studied. The upper pressure limits com-

patible with survival were 75 psi in oxygen (oxy-

gen toxicity was a factor in setting this limit);

75 psi in helium-oxygen; 45 psi in nitrogen-
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oxygen; and 30 psi in argon-oxygen. This is the

order of survival limits predicted by the bubble

factors in case 1 and phase 2 of case 2 in table 9.

The role of fat must be greater than that of

aqueous media in determining the survival of

guinea pigs after decompression from high pres-

sures. 34 However, the relative dangers of nitro-

gen and helium appear to follow phase 2 of case 2

more closely than case 1 in table 9. Unfortu-

nately, little else regarding the specific bubble
mechanisms responsible for death can be in-

ferred from these lethality ratios.

Confirmation of the role of fatty tissue in de-

compression from high pressure has been pre-

sented recently in experiments on obese

rodents. TM Genetically ,_bese animal_ have

been used to increase the symptom rate in those

small, easily handled species such as mice which

are ordinarily resistant to decompression sick-

ness.10,37 Mice are capable of extremely rapid

decompression from pressures of 97 percent

nitrogen. Attempts to determine the limiting

tissue for decompression indicate the slowest

tissues in the nonobese mouse may have a half

time for nitrogen elimination of about 2 minutes. _75

In human diving experience there is much less

correlation between adiposity and frequency

of decompression symptoms. 455 This is in dis-

tinct contrast to experience in altitude decom-

pression where the correlation is far bet-

ter.S9, 19_,203,335 It may well be that the relatively

short periods at depth in operational diving pre-

vent significant gas saturation of the fatty tissue

and reduce the effect of adiposity. 37
There have been few studies of animals decom-

pressed after prolonged stay at depth. Goats

have been used to study decompression sickness

after prolonged exposure to high pressures of
helium and nitrogen. 465 These animals have

been used extensively by the British Royal Navy

because of the similarity to humans in time of

onset and type of symptomsY 2, 4_7,_52 They tend

to suffer attacks of the bends which are very

similar in their site and outward signs to those

suffered by man. The similarity may be seen

in table 10 where the depth-time relationship

of the two species for nonstop times is compared.

For times up to 6 hours at depth, resemblance

is very close. For times over 6 hours, the two sets

of figures diverge. 2ts Hempleman suggests
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TABLE 10.- Comparison of Threshold Sensitivity

of Goats and Men-Air Diving
[AFTER HEMPLEMAN 21s]

De )th Time, min

Meters ft Man Goat

2O0

170

150

100

45 to 50

13.30

17.30

18.30

37.30

36O

10.O0

15.00

19.00

38.O0

360

61

52

46

30

13 |o 15

that it is possible to transfer directly results

in goats to those in man only for dives up to 6

hours in duration. Workman, 4n2 however,

points out that even for short exposures there

are serious differences between goat and man.

He feels that at 100 feet, the safe exposure time
for man on air is closer to 25 to 30 minutes: and

at 50 feet, closer to 100 to 106 minutes. Goat

data from hmger dives, which simulate more

closely the tissue saturalion factors in space
cabins, must be used with much reservation.

Hempleman 2is has indicated that for a single
animal, resistance to bends in short-duration

dives may have no relation to resistance in long-

duration dives. These points must be kept in

mind in extrapolating data from animal to man:

from long-duration dives to short-duration dives:

and, especially, from diving decompression to

altitude decompression. Hempleman2_S has

briefly reported that in saturation dives with

argon-oxygen, nitrogen-oxygen, and helium-

oxygen mixtures in goats, tire degree of hazard

decreases in the above order. No quantitative

data were presented.

In the recent study of Workman et al. 4s5 goats

were exposed for 72 hours at a depth of 200 feet

of water to a mixture of 97 percent helium and

3 percent oxygen and were decompressed over

a period of 72 hours using a conservative, two-

stop decompression. No evidence of decompres-

sion sickness was noted. In another experiment,
the carbon dioxide concentration rose to 4.5

percent (sea level effective) during the first 48

hours and fell to 2.1 percent (sea level effective)
over the last 24 hours. Within 10 minutes after

initiation of the same decompression schedule,
bends pains in the left front and rear limbs were

evident. Recompression to 200 feet for 3 hours

allowed safe return to the surface. The experi-

ment was then repeated with adequate carbon

dioxide control during the 72-hour exposure at
depth, but with a much more strenuous decom-

pression schedule. The animals were raised

from 200 feet to 84 feet (7 atm to 3.5 atm; a 2 : 1

ratio) in 17 minutes and observed for 10 minutes.
Pressure was then reduced to 70 feet in 3 min-

utes and the animals observed for 5 minutes.

The chamber pressure was further reduced by

increments of 10 feet for observation stops of

5 minutes until a depth of 40 feet was reached

(3.16:1 ratio from the bottom). After 24 hours

at this pressure, the animals were brought to

the surface in 20 minutes (2.21 : 1 ratio from 40 ft).

No symptoms were noted at any of the stops.

From previous experience with even shorter

nitrogen dives, these ratios would have resulted

in severe supersaturation of the slowly perfused

tissue with resulting symptoms. These prelim-

inary experiments point to the relative safety of

decompression after saturation exposures to

helium as compared with previous experience

with nitrogen. They also indicate that excessive

carbon dioxide buildup in a cabin atmosphere

can predispose to bends symptoms in an other-

wise safe helium decompression schedule. Un-

fortunately, there are too few data to quantitate

the relative hazards of nitrogen and helium.

This comparison must be made on the more

adequate, yet insufficient, data on humans.

A limited nunther of decompression runs have

been conducted with mice breathing a neon-

oxygen mixture at 200 psig. ass Animals were

decompressed in less than 3 hours after bottom

times of up to 16 hours without major adverse
effects. This is all the information available.

Studies are also in progress at the Royal Naval

Physiological Laboratories comparing the bends

dose_0 of helium, neon, and nitrogen in rats. 52

Preliminary experiments on the exposure of

rats to 7 atmospheres of mixed inert gases (10

percent oxygen, 45 percent helium, and 45 per-

cent nitrogen) suggest that the mixed inert gases

produce a higher incidence of bends in rats than

does a 20-percent oxygen in helium mixtureY 2

This would be expected from the greater sum of

partial pressures of the inert-gas components in

the triple mixed system than in the helium mix-
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ture. The specific contribution of the nitrogen
to the difference in bends incidence has not as

yet been determined.

Human Decompression From High Pressures

The early history of helium use in diving mix-

tures is fascinating yet often forgotten in reviews

of the subject. In 1919, a series of letters from
Elihu Thomson to W. R. Watson of the General

Electric Laboratories suggested that helium be

used in caisson and diving work. This was sug-

gested to avoid the limit on diving set by the

supposed unavailability of oxygen at great depths.

The idea was based on "the principle of the

superior rapidity of diffusion of the low density
" 421gas.

Several years later, J. H. Hildebrand, the

eminent physical chemist, suggested to Sayers

and Yant that the coefficient of solubility of

helium had recently been determined to be less

than that of nitrogen and that it might be of use

in combating caisson disease. Sayers and

Yant 377,37s followed this up with experiments

in guinea pigs (described in the previous sec-

tion) and suggested that helium be tried in hu-

man diving. However, a patent for the idea went

to Cooke in 1923,116 based on the solubility and

diffusion characteristics of the gas.

In 1937, End 157 reported on the use of helium

in human diving. Some divers were decom-

pressed safely in times as low as 1/23 of that

predicted by the air tables being used at that

time. These tables, however, were known to

be very conservative even for air dives.

In 1938, Behnke and Yarbrough 41 reported

their experiences with helium in diving opera-

tions. The gas was used primarily to avoid the

narcotic effects of nitrogen at depths as great

as 300 feet. These investigators suggested that

the lower oil-water solubility ratio of helium

should decrease decompression sickness as

well as nitrogen narcosis. They noted in these
studies that there was a distinct absence of

grave symptoms of decompression sickness in

a large number of divers who experienced the

bends. No cases of unconsciousness or paralysis

were reported. Itching and skin rashes occurred

without sequelae. This was quite unlike the

situation in air diving where these symptoms

were often followed by neurocirculatory col-
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lapse. Unlike the pains that tended to persist

in equivalent air dives, pains occurring in one-

third of the cases were promptly relieved by re-

compression. Behnke postulated that in diving

operations employing helium the important or

controlling tissues during decompression are

those which are rapidly saturated and unsatu-

rated, whereas with nitrogen, the slow or fatty

tissues are controlling.

In 1939, Behnke and Yarbrough 42 reported on

the use of argon in deep sea diving. Argon had

a much greater narcotic effect than did nitrogen.

Unfortunately, the incidence or patterns of de-

compression sickness were not reported.

Behnke and Willmon4° continued the study

of helium with a comparison of saturation-

desaturation curves for nitrogen and helium.

The helium capacity of the body was found to

be 8.0+ 1.3 cc/kg of body weight when the tis-

sues are in equilibrium, with a helium alveolar

pressure corrected to 760 mm Hg or 1 atmos-

phere. This value is about 40 percent of the

total nitrogen absorbed under these conditions.

They also found that the time required to elim-

inate absorbed helium is 50 percent of the time

required for nitrogen elimination. Relative
rates of elimination are best seen in the curve

of figure 11 drawn by Behnke. 3'

As was suggested in the analysis of goat data,

the time at depth is an important factor in pre-
dicting decompression hazard. The total amount

of gas dissolved in the body at depth is deter-

mined by the saturation-time relationship implied
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by the desaturation curves of figure 11. There-

fore, in considering the relative hazard of helium

and nitrogen in decompression from depth, the

duration at depth must be compared. Behnke 36

in analyzing this specific question, suggested

that about 75 percent of the total body nitrogen
is eliminated from the bodies of lean men in

about2 hours. After exposure at the usual

diving depths, this rapidly exchanging nitrogen

is eliminated without causing symptoms. It is

the small amount of gas dissolved in fatty tissue
that requires many hours for elimination. Behnke

demonstrated with the data of table 11 that for

a subject breathing air at a depth of 90 feet, 100

minutes of exposure dictate a period of 57 rain-

TABLE 11. -- Comparison of Total Decompression

Time Following Exposure in Compressed Air

and Exposure in a Helium-Oxygen Atmosphere
[AFTERBEHNKE3S]

Depth, fi

9O

9O

90

9O

150

150

150

200

200

Decompression, min, in-

Exposure, min

100

180

360

54O

8O

180

360

65

9O

Air

57

683

141

217

PHYSIOLOGICAL FACTORS OF INERT GASES

a more specific understanding of the available
data.

If lipid substances are indeed responsible for

the prolongation of nitrogen absorption or elimi-

nation, helium, which possesses a lower solu-

bility coetficient in slowly perfusing fatty tissue,

should be eliminated in a shorter period of time.

How does the organ-to-organ elimination of the

two gases compare? Table 12 represents the

fraction of nitrogen removed per minute from

each organ in humans as determined from the

tissue-specific volumes, gas volumes, and blood
flow. 246 The reference sources for these values

may be found in the original paper. The relative

low rate of nitrogen removal from the fatty tissues

is quite clear. Recent organ-to-organ studies in

dogs show that 80 to 90 percent of the total nitro-

gen is stored in slow compartments perfused by

10 to 15 percent of the cardiac output and has

a time constant of 150 to 250 minutes. 164

No comparable organ-by-organ values have

been calculated for helium. However, total

body helium-elimination curves are available

Helium- and can be compared with nitrogen curves for

oxygen a direct comparison of half times of elimination.

Many curves of total body nitrogen elimination

75 have been published from which can be deduced
77 the washout of several body compartments (ex-
79

79 change components).ls. 31, 68,246, 294 Figure 12
121 represents the nitrogen elimination curve of

126 Jones. 246 Discussion of this curve and equation

126 (13) was presented in the first section of this
154 chapter in the evaluation of tissue perfusion
164

as a limiting factor of inert gas elimination.

Jones and others have interpreted the four lines

as representing the change with time of the rate

of elimination of gas from each of four tissue

compartments. The constants A of equation (13)

represent the amount of nitrogen (at saturation)

associated with each component and can be

calculated by use of equation (14). The product

Ak represents the amount of blood perfusing that

tissue component for each stated time interval.

The product Ak is often called the R constant.

(See fig. 13.) The values of k are calculated as

the reciprocal of the time required to effect a

change in rate to 1/e. This constant can be

used to determine the component half times:

loge 2
tl/2= k

utes for decompression to avoid all symptoms.

At the same depth, 9 hours of exposure required
about 12 hours for decompression. If helium-

oxygen mixtures are used instead of air, no more

than 79 minutes of decompression time is re-

quired after all durations of exposure at 90 feet.

Oxygen breathing was used throughout the

decompression period on the helium-oxygen

dives/62 Behnke attributes these findings only

to the rapid rate at which the body saturates

and desaturates with helium. However, use

of 100 percent oxygen must have also played a

role. Since these points are rather critical in

evaluation of diving experience for extrapolation

to the space situation, it behooves us to attempt



ROLE OF INERT GASES IN DECOMPRESSION SICKNESS

TABLE 12.- Distribution of Cardiac Output and Tissue Denitrogenation
[AFTER JONES 2_]

39

Tissue Volume tissue, cc Nitrogen volume, cc Blood volume, Fraction of nitrogen

liters/minute removed per minute

Lungs ......................................... 1200 12.0 5.8 4.8

Thyroid ......................................

Kidney .......................................

Heart .........................................

Adrenals, 7 cc ..............................

Testes, 50 cc ...............................

Prostate, 23 cc .............................

Salivary glands .............................

Brain ..........................................

Marrow (hematopoietic) .................

Hepatic portal:

Liver ....................................

Spleen ..................................

Pancreas ...............................

Intestines ..............................

Stomach ...............................

Colon ...................................

3O

270

300

78

35
1400

1400

1560

150

85

1350

0.2

2.7

3.0

0.8

0.4

14.0

30.0 b

17.0 b

1.5

0.9

13.5

Intestinal contents ........................ 1500 a 100.0 a

Muscle, 40 liters a ......................... 1

Connective tissue, 5 liters a............ / 45 000 to 55 000 450 to 550Skin, 5 liters a. .............................

Fat, 12 liters a .............................. 15 000 to 5000 600 to 250

Whole body ................................. 70 000 900 _

70-kilogram man (1.85 m 2) ..........................................................................

0.30 a to 0.10

< 1.33

0.15 a

0.08 a

0.02

0.76

0.30

1.5

Probable minimum:

1.0 to 0.40
0.1 to 0.05

0.35 a to 0.25

10 to 3.0

5.0

0.5 a

1.0 a

0.5

0.5 c

0.15

Hepatic 0.27 a

Intestines 0.7 a

(Average 0.5)

0.008

0.025 to 0.01

0.02 to 0.005?

0.07 to 0.01

0.2 to 0.15 0.005 to 0.003

Probable minimum:

5.89 to 5.09

Expected: 5.8 e

Approximated.

b Includes organ lipids.

c 0.35-modal perfusion rates; 1.5-of cerebral tissues.

d Not including intestinal gas.

e Calculated from average value of direct Fick measure-

ments of resting cardiac output.

The half times calculated for the body exchange

components for nitrogen in one carefully studied

case were presented in the first section of this

chapter. The more general values for half times

and the relative amounts of nitrogen at saturation

associated with each (the constants A) are seen

in figure 12: component (1), 1.5 min, 111 cc (8

percent); (2) 8.0 min, 193 cc (14 percent); (3)

29.5 min, 428 cc (29 percent); (4) 147.5 min,

about 700 cc (49 percent).

Comparable curves have also been presented

for helium 31,35,147,246 The early data of

Behnke 31 were presented in figure 11. It was

from these data, obtained at the Naval Experi-

mental Diving Unit (EDU), Washington, D.C.,

that the first and most widely accepted helium

elimination curve was constructed. Helium-

oxygen saturation periods of only 31/2 hours
were used. The difficult estimate of helium

elimination during the first 6 minutes was finally
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FIGURE 12.--Rate of nitrogen elinnination. (AFTER

JONES. _(o)

performed by extrapolation and is probably a
source of error. It was found that .the fit of the

data could be obtained by employing all expo-

nential equation with only three terms:

Rt = 0. 085e -0"3t -_- 0.0095e -°.°2t + 0.0015e-°'°°6t

(16)

The time constants k (0.3, 0.02, and 0.006) were

converted to half times and interpreted as in-

dicating that about 28 percent of the helium is

associated with a component which half saturates

in 2.3 minutes. Forty-eight percent of the helium

is in a component that half saturates in 35 min-

utes, and about 25 percent of the helium is in

a component that half saturates in about 115
minutes.

As discussed previously in this chapter,

Jones 249 compared the elimination curves for

all the inert gases. After several hours of

saturation exposure, Jones obtained for helium

the following time constants k (0.50, 0.094, 0.022

and 0.01). The equivalent half times were 1.4

minutes, 7.4 minutes, 31.5 minutes, and possibly
70 minutes.

In 1958, Duffner and Snider 147 published

results of helium desaturation data collected
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at the Naval Medical Research Institute (NMRI)

during the period 1947 to 1948. These data,

collected after 12 hours of helium saturation,

fit the curve (fig. 13) for the equation

Rt = 0.25e - 0.st+ 0.045e - 0.135t

+ 0.0022e - 0.025I.31_0.0006e - o.0073t (17)

The k constants (0.5, 0.135, 0.025, and 0.0073),

converted to tissue half times, indicated that

about 50 percent of the body helium is contained

in a body component that half saturates in about

1.4 minutes, 33 percent in a component that half

saturates in 5 minutes, and the remaining 17

percent in a component that half saturates in
about 115 minutes.

The results of these three studies are compared
in table 13. It can be seen that the NMRI

data 147 are more nearly in agreement with those

of Jones 249 than with those of the EDU. 4° Actu-

ally, the NMRI curve (fig. 13) bears a close re-

semblance to the EDU curve of Behnke presented

in figure 11 for elimination of helium with
exercise. The EDU data were calculated in a

more systematic way than those of the NMRI.

The NMRI data were obtained after longer satu-

ration periods (12 h). The data from both

sources suffer from the uncertainties regarding

the rate of helium elimination during the first

6 minutes, but the EDU data are probably more
valid.

The differences in half times of desaturation

of nitrogen and helium are quite distinct. As

mentioned above, these have been used as a

major criterion in establishing the differences

between the air and helium diving tables. They

serve at the present time to clarify the effect

of duration at depth on the relative hazard of the

two gases. Smith and Morales +°+ interpreted

the EDU helium and nitrogen data as indicating

that helium is released from one body component,

mainly aqueous, while nitrogen is released from

two, aqueous and fatty. This interpretation

was based on the supposition that the number of

exponential expressions describing the desatura-

tion equals one more than the number of gas

solvents in the body. The more recent data

presented above would suggest that there are

probably more slow components than were at
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TABLE 13.- Comparison of Various Data on Helium Elimination
[AFTER DUFFNER AND SNIDER ]47]
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Ror ........................................

ao tt ......................................

R0 t_r ......................................

Ro tltt .....................................

d ot .........................................

A 0t_ ........................................

/_ ottl ......................................

_o Ittt .....................................

NMRI data 147 EDU data 40 JONES 249

0.25 0.085 ..............................

.045 .0095 ..............................

.0022 .0015 ..............................

.0006 ............................. 4..............................

.5 .283 ..............................

.33 .475 ..............................

.088 .25 ..............................

.082 ...........................................................

KI .........................................

T1/2(1) a. ..................................

Ks .........................................

Tl/_(2) a. ..................................

K3 .........................................

T1/2(3) a. ..................................

K4 .........................................

T1/_(4) a. ..................................

.50 .30

1.387 2.31

.135 .02

5.13 34.6

.025 .006

27.7 115.5

.0073 ..............................

95 ..............................

0.50

1.387

.094

7.37

.022

31.5

.01('.'

(?)

TI/_ = half time.

10
=-I I I I I I t I r I f I t I t I I I t [ = I ,_
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FIGURE 13.--Rate of helium elimination £ollowing

12-hour exposure to 1.72 to 2.05 atmospheres

(absolute) helium in oxygen. (AFTER DUFFNER

AND SNIDER. 147)

246-829 0-67--4

first suspected, and that the earliest component

probably contains gas from the most highly per-

fused tissue of the body as well as from the lungs

and blood. As seen in table 2, the low oil-

water solubility ratio of helium (17: 1) as com-
pared with nitrogen (5.1:1) probably dictates

that for helium dives of short duration, mostly

the aqueous phases are saturated. Since phase

1 of the case 2 bubble in table 9 predicts helium

to be more hazardous in bubbles forming pri-

marily from aqueous media, the greater danger
of helium in short-duration dives (table 11) be-

comes more reasonable. With these gas kinetics

in mind, let us return to the saturation exposures

at depth.

The data of table 11 most pertinent to the

comparison of the two gases in space decompres-
sion would be the near-saturation dive of 540

minutes. In this case, an air dive required 683

minutes, while a helium-oxygen dive required

only 79 minutes for return to the surface without

symptoms. This eightfold difference is greater

than the fourfold hazard difference predicted by

the most differentiating bubble type, case 1 of

table 9. Behnke also reported briefly that in

exposures for 12 hours at a depth of 90 feet, air

divers required 12 hours, while helium-oxygen

divers required only 21/2 hours to surface without
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symptoms.271Heretherelativetimeratiowas
4.8:1. It mustbe rememberedthat only the
heliumdivers usedoxygendecompression.4_2
It is alsopertinentthatthe numberof subjects
for exposuresof thesedurationswerelimited
and person-to-personvariabilitymaybe great
in heliumdiving(seebelow).147The original
experimentalprotocolswere not availablefor
review,but it hasbeensuggestedthat someof
the citeddataarer_otcorroboratedby theEDU
divinglogs.4s2

Moreimportant,however,is thefactthatthese
timesrequiredfordecompressionarenotasimple
measureof therelativedegreeofdangerexpected
after anacutedecompressionevent. Theyare
stronglydependenton the total amountof gas
in eachbodycomponentandthe half time of
eachcomponentaswellason thelocalfactors
whichdeterminethepeaksizeofabubbleatany
given body site. Somedisagreementwould,
therefore,beexpectedbetweentherelativetime
requiredfor safedecompressionandthepredic-
tionsfrombubblepeakindexfor saturatedcon-
ditions. At theendof 9 or 12hoursat depth,
thereshouldbe enoughresidualnitrogenin the
slowerstoragecompartmentsof the body(figs.
11and12)to beapossiblesignificantfactor.

The currentNavyDivingTables427 may be

used for a first-order estimate of the degree of

hazard expected for the two gases in long dura-

tion dives. In extracting the appropriate data

from these tables, it must be remembered that

there are variable periods at depths above 50

feet where pure oxygen is breathed on the way
to the surface. There are time corrections which

can be invoked for emergency ascents where no

oxygen stops are used. It is from such corrected

times that the comparative table times were
determined. In dives of 240 minutes to 90-foot

depth, the total decompression time required

for air is 395 minutes; for helium, only 89 min-
utes. For dives of 240 minutes at 250 feet, the

decompression time required for air is 1107
minutes and for helium, 294 minutes. These

times may reflect the factor of safety predic-

ted by table 9. However, it must be remem-

bered that a direct test of the bubble-hazard

index is not justified by these data. In the first

place, the adequacy of the emergency schedules
has not been determined. 462 In the second

PHYSIOLOGICAL FACTORS OF INERT GASES

place, the size and rate of desaturation of each

of the gas storage components of the body
becomes a factor in the slow, programed decom-

pressions of this type.

In the third place, although 4 hours at depth

may be adeqmlte for saturating most storage

components with helium, it may not be adequate

for desaturating the body components of nitro-

gen. This difference, suggested by a review

of figures 11, 12, and 13 and the associated text,

does not appear to be as clear on repetitive diving

where the 240-minute tl/z tissue of helium must
be controlled. 462 These factors may explain

why there was only a fourfold difference between

nitrogen and helium in the emergency tables as

compared with the eightfold difference after the

540-minute dive in table 11.

A more clear-cut comparison of the relative

hazard of the two gases is available from the

study of Duffner and Snider247 The same men

were exposed for 12 hours on air and then on

helium-oxygen to increasing depths until they

succumbed to decompression sickness during

ascents of 25 ft/min. Table 14 represents the

results of maximum depth determinations. In

each case, greater depths could be tolerated

after breathing the helium-oxygen mixture than

after breathing air. What is striking, however,

is the great variation in tolerance from person

to person in helium dives. It is quite possible
that not all extremes were encountered in this

small population. No data are available on a

significant factor, the general adiposity of each

subject. However, the uniformity of maximum

TABLE 14.--Maximum Depth of 12-Hour Expo-

sures Tolerated Without Symptoms of De-

compression Sickness, While Breathing Air

as Compared to Helium (Ascent (Decompres-

sion) Was at a Rate of 25 ft/min)
[AFTER DUFFNER AND SNIDER 147]

Subject

A ............

n .............

C .............

D .............

E .............

Depth

Age, yr. breathing
air, ft

28 33

34 36

28 34

25 34

21 36

Depth
breathing

helium-

oxygen, ft

36

40

40

44

5ol

Greater

depth
breathing
He than

air, ft

3

4

6

10

14
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depth while breathing air shifts the focus away

from adiposity. One would expect air dives to

be more sensitive to adiposity than helium dives.

Whatever factors are involved, the variability

from person to person should be kept in mind

during evaluation of helium atmospheres in space
cabins.

From the above discussion it is evident that

unequivocal quantitative data regarding fre-

quency of symptoms after equivalent air and

helium dives are lacking. The variables pe-

culiar to diving operations obscure much of the

data. It would, however, appear worthwhile to

analyze the general spectrum of symptoms seen

after dives with the two gases.

The absence of grave symptoms of decom-

pression sickness following bends with helium

diving has already been noted. 41 Behnke has

recently reconfirmed this impression given by
his earlier report. 3_ He further added that of

600 decompressions he monitored during sal-

vage operations on the submarine Squalus, he

remembers only one case with circulatory col-
lapse and one with neurological defects. This

is far lower than would be expected in operational
diving while breathing air. Behnke also ex-

pressed the feeling that when bubble phenomena
do occur, they are seen with helium much more

rapidly than with air. The symptoms are also

much more short lived than is usually the case
with air. Behnke is sure that intravascular

bubbles do occur after helium even though symp-
toms of the bubbles are rare. He often felt the

crepitus of bubbles in the veins of the skin and

saw lymphedema, but these signs did not advance

to more serious sequelae.

In contrast to these reports, Workman 462

indicated that it is his impression that there is

little difference between the symptom complexes
of air and helium. In a review of recent data

at the EDU, there appeared to be no difference

in incidence of bends (0.83 percent) between air

and helium-oxygen diving. It must be remem-

bered that these data are equivocal for two rea-

• sons: Helium-oxygen dives are at greater depth;

and there is a considerable oxygen stop with

these deep dives which would tend to reduce

the symptons. The overall equality in inci-

dence of bends would speak in favor of the

relative safety of helium. Other variables that

43

Workman covered in comparing helium-oxygen
and air bends were:

(1) Depth of relief on recompression: no
difference.

(2) Recurrences: Slight tendency for more re-

currences on helium-oxygen.
(3) Number of sites affected: no difference.

(4) Number of signs manifested: no difference.

(5) Treatment: helium-oxygen bends respond

more easily to treatment compression and in

older tables required shallower oxygen stops than

did air bends. Fifty cases of helium-oxygen

bends responded to depths which were not ef-
ficacious in air bends.

Workman did agree that symptoms appearing

with helium usually present themselves within

the first 30 minutes after decompression (1956-

1962 EDU data). A diver free of symptoms 30

minutes after helium-oxygen decompression will

usually continue to be free of symptoms for the

duration of the decompression. On the other

hand, experience with nitrogen suggests that the

onset of symptoms may occasionally continue

for as long as 2 hours after initiation of ascent.

The majority of symptoms begin before the end

of the first hour, but they may occur as long as

12 to 24 hours after ascent. In diving practice

individuals cannot be brought to depths as shal-

low on the first stop with helium-oxygen _is with

air. These are the only comparative factors
for which Workman has definite data. Work-

man also mentioned that Hempleman and asso-

ciates at the Royal Naval Physiological Labora-

tory at Alverstoke, England, have corroborated

the advantage of helium over nitrogen in deter-

mination of maximum depth allowable for nonstop

decompressions. Wide person-to-person vari-

ability was also noted with helium. He indi-

cated that even though the 1950 tables reflect

only minor changes to the basic tables calculated

in 1938, the helium tables are still overconserva-

tive for shallow dives 145,464 but not conservative

enough for deep dives? z5 The slower half-time

tissues must be considered for longer and deeper

dives. 463 Experimental expediencies at the time

the tables were originally created were indicated
as the source of these defects.

The uncertainties of diving schedules for great

depths are clear. 271 A recent study by Brunner
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et al. 79 reported two cases of full blown post-

decompression shock after deep helium-oxygen

dives of 20 minutes at a depth of 650 feet. The

ratio of helium to oxygen was 90 to 10. The

timing of decompression was experimental,

and so the degree of conservatism is unknown.

The subjects experienced the plasma loss and

shock associated with neurocirculatory collapse

at altitude. Some reflex changes were noted.

Transient electrocardiogram changes of cot

pulmonale suggest obstruction of pulmonary cir-

culation with gas or lipid emboli. Extension of

decompression time to 220 minutes prevented

similar episodes in subsequent experiments.

In ttlese well-studied cases, physiological sim-

ilarity between neurocirculatory collapse of

altitude and diving with helium is suggested.

In general, divers who tend to be relatively tol-

erant to pressure changes when breathing air

are also tolerant when breathing helium-oxy-

gen. 146,4°_ There is only borderline correlation

between susceptibility to pain of decompression
sickness while breathing any gas and low sen-

sitivity to pain threshold for mild electric shock.

In a recent review from the EDU Research

Unit, 935 cases of decompression sickness in

diving were recorded. 365 In the report are many

statistics on symptomatology and environmental

background in both air and helium diving. Un-

fortunately, the format of the report is such that

no direct comparison can be made between the

degree of hazard or pathological physiology in-

wflved in equivalent air and helium dives.

Another approach to the selection of optimum

inert gas for decompression is the possible si-
multaneous use of several inert gases. Will any

constant mixture of helium and nitrogen be any

better than either one of the components? One

would predict from the discussion of bubble
factors that there would be no optimum fixed

mixture in saturation conditions. Webster 44s

attempted to answer this question by analyzing

the Navy diving tables42S for air and oxygen-

helium gases. The analysis suggested there may

be an optimum mixture of helium and nitrogen

which minimized the tendency toward decom-

pression sickness. However, there are several

errors in the analysis which shed some doubt on

this prediction.
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Curves were drawn by entering the diving

tables and determining the time required for

safe decompression from various depths with

mixtures containing different percentages of

helium and nitrogen. The times were plotted

against percent of each gas in such a way that

on the abscissae, helium percentages begin with

12 at one end of the scale, and nitrogen, with 12

at the other end. Figures 14 and 15 demon-

strate these curves. It can be seen that for the

shorter dive of figure 14 (30 minutes), the summed

curve (dashed) shows a more distinct minimum

at a lower helium percentage. As the duration

at depth increases, helium becomes the better

gas and appears at a higher percentage in the

optimum mixture at 60 minutes, a time at which

the body is only 50 percent saturated with he-
lium. 31 Durations of air diving long enough for

complete nitrogen saturation are not permitted

by the Navy tables so that curves of very long

durfftion are not available. The pertinent sum-

mation of such curves for very long durations is,

therefore, not possible. One could predict that

analysis of such saturation curves would present
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FIGURE 14.--Theoretical decompression time for

dive to 180 feet for 30 minutes. (AFTER WEB-

STER. 446) Curves are based on the following:

02= 16 percan t; D = 180 feet; pB_= (D+ 33) (%He

+2) feet for helium tables (a loss of 2% 02 in

helmet is assumed); PN= = (D+33) (0.79) feet for

standard tables; N2 is assumed to include all

other i_ases except O= and Pie.
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FIGURE 15.--TheoretJcal decompression time for

dive to 180 feet for 60 minutes. (AFTER WEB-

STER. 4*6 ) Curves are based on the following:

02_16 percent; D=180 feet; pile_ (D-_ 33)(%He

-_2) feet for helium tables (a loss of 2_ 02 in

helmet is assumed); pN2_(D_-33)(0.79 ) feet for

standard tables; N2 is assumed to include

all other gases except 02 and Pie.

a summation curve which had no distinct min-

imum and tended to bo negatively sloping down

through the entire mixture range, with 80 percent

helium and 20 percent oxygen being the mixture

offering minimum decompression time. There

would probably be no optimum mixture under

conditions of complete saturation. Workman

has pointed out a theoretical consideration in-

validating this approach. 4e2 He suggests that

the times required for oxygen-helium and oxygen-

nitrogen dives in which high fractions of oxygen

are involved cannot be summed, since the gra-

dients for inert gas uptake by the slow tissues

which obligate the decompression time are not

equivalent. However, it is possible that there

may be an unexpected tradeoff between desatura-

tion rates and bubble factors to give a minimum
time.

The use of changing mixtures of gas in diving

is a different matter which is receiving much

attention. A series of dives have been per-

formed at depths of up to 1000 feet by Biihlmann,

Keller, and associates.S4, 32s, 252,253 These in-

vestigators have made use of the fact that nitro-

gen and argon saturate the body tissues at a
much slower rate than the desaturation rate of

helium. After diving to great depth on helium-

oxygen mixtures, the gas is then switched before

or during decompression to nitrogen-oxygen or
argon-oxygen in a program which never allows

the critical supersaturation ratios of any one of
the inert gases to be exceeded in the tissues.

Helium is thereby eliminated through the lungs

with a maximum pressure gradient and without

the danger of oxygen toxicity. Nitrogen or argon
narcosis is also avoided. Keller and Biihlmann

reported that a dive of 10 minutes at 700 feet in

the French Navy's pressure tank at Toulon re-

quired only 21/2 hours of decompression time.

Similar dives by the Royal British Navy in 1956

for 4 minutes at 600 feet used 61/2 hours of de-

compression and resulted in bends requiring an

additional 51/2 hours of decompression time.

The dive to 1000 feet for 5 minutes was attempted

on a 4-hour decompression schedule, but 2 hours

was added when the divers experienced bends

near the surface. Other deep dives by this

group in the sea resulted in fatalities of an ob-

scure nature. The sequential use of inert-gas

mixtures would appear to have no application

to the space condition where 100 percent oxygen

could be used for rapid removal of inert gas prior

to decompression without danger of oxygen

toxicity.

Hydrogen gas, while too explosive for space

operations, does present some interesting the-

oretical points for discussion. Hydrogen was

actually used for deep diving by the Royal Swed-
ish Navy during World War II instead of helium

which was unavailable. The pioneering efforts
of Arne Zetterstriim have been recorded, eS,449,477

By keeping the oxygen content below 4 percent

after the nitrogen gas was changed to hydrogen

at depth, the upper concentration limit for hydro-

gen explosion was exceeded and the hazard

was eliminated. 37° This procedure, of course,

would be impossible in space vehicles, since

cabin pressures of about 5 atmospheres would

be required.
Would hydrogen be expected to be safer than

helium or nitrogen in decompressions? The

solubility coefficient of hydrogen in water is

0.017; and in olive oil, 0.036. 65,139 Comparing

these values with those for helium and nitrogen

(table 2), it appears that the water solubility of

hydrogen is actually greater than that of nitrogen.
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Theoil solubilityappearsto behalfwaybetween
that of heliumandnitrogen.Thediffusionco-
efficientof hydrogenin wateris 0.8 that of
helium,39 and so the permeation coefficient

D' = (awaterDwater)

is 1.6 times greater. Hydrogen would appear

to be more dangerous under saturation conditions

than helium at sites where an aqueous medium

is controlling the rate of bubble formation. No

figures are available for the diffusion coefficient

of hydrogen in oil, but from the relative diffusion

coefficients in water, the value would be expected

to be slightly smaller than that of helium. Since

the hydrogen solubility in oil is greater than that

,f helium (see above), the permeation coefficient

through oil would, therefi)re, be somewhat

greater than that of helium. Thus the bubble

factors dependent on a fatty medium would lie

hetween helium and nitrogen in representing

the degree of hazard. It appears that hydrogen

would definitely be no better than helium and,

possibly, no better than nitrogen in reducing

the overall decompression hazard.

Tile tragic death of young Zetterstriim occurred

as a result of his experiments with decompres-

sion ,n hydrogen. After two successful dives

with 72 percent hydrogen, 24 percent nitrogen,

and 4 percent oxygen down to 40 and 110 meters,

Zetterst6im switched to 96 percent hydrogen,

_ percent oxygen. He made a successful dive

t,_ 70 meters, and on the fourth dive he reached

160 meters, a world-record depth. Because of

an error on board the diving boat, a guy attached

to the diving platform was retrieved very rapidly

to bring the diver directly to the surface front 50

meters. Zetterstriim died from acute hypoxia

and violent decompression sickness. 44"_

Recent preliminary studies at the Royal Navy

PKysiology Laboratory, Alverstoke, indicate that

neon may have an advantage over nitrogen in
reducing decompression sickness) 4 Unfor-

tunately, the results are only preliminary with
10 subjects exposed to 200 feet and 20 to 300

feet. Since the narcotic tendency of neon was
under study, the men breathed the neon in the

200-foot dives only until ascent was started and

then switched to air. From 200 feet, according

to the Miles adjustment of the Crocker tables,
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the stops were: 5 minutes at 30 feet, 5 minutes
at 20 feet, and 15 minutes at 10 feet. In the

300-foot dives, neon was breathed for only the

first 9 minutes of decompression and then a

switch was made to air. Decompression was

performed according to the Damant tables III
with a total ascent time of 87 minutes and the

first stop at 100 feet. The attendant breathing

air throughout developed bends and severe itch-

ing, while the men breathing neon had no trouble.

At present the bends doseso of helium, neon, and

nitrogen are being compared in rats, and it is

hoped that more neon will be made available for
human studies.

Unfortunately, diving experience gives us no

unequivocal quantitative data comparing the

relative hazards of the inert gases. Some indica-

tions point to the relative safety of helium over

nitrogen in the area of severe symptoms of

chokes, neurological lesions, and neurocircula-

tory collapse. These symptoms are not com-

pletely eliminated by helium. In the case of
milder bends the evidence does tend to indicate

the relative safety of helium, although the data

are also equivocal. Such differences would be

predicted by the bubble factors of table 9,

especially the equivocal differences between the

gases in bends hazard.

Human Decompression to Altitude From

Helium-Oxygen Atmospheres

No animal studies are available on the relative

hazards of inert gases in altitude decompressions.

No published data on humans have been pre-

sented. During discussions of diving hazards

with Workman, 4_" it was suggested that Behnke

had performed altitude decompressions with

helium-oxygen mixtures at the Navy Experimen-

tal Diving Unit during World War II. Workman

was kind enough to search the archives of the

institution and found a single protocol outlining

the results of these studies. Table 15 represents

this protocol of March 1941. The first six sub-

jects were exposed to atmospheres of 80 percent

helium and 20 percent oxygen at sea-level pres-

sure for 3.5 or 5.5 hours. They were then placed

on 100 percent oxygen fl)r varying periods of
from 1 to lVz hours: at the end of that time they

were decompressed to 37 000 t_et over a period

of 6 to 8 minutes. According to the log, no
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TABLE 15.- Decompression to 0.20 _4tmosphere Following Helium Exposures
[AFTER WORKMAN _± FROM UNPUBLISHED WORK OF BEHNKE]
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Time breathing
80 percent helium and

20 percent oxygen,
hr:min

3:30

3:30

5:30

5:30

5:30

e9:00

a 9:00

Time breathing

100 percent
oxygen,
hr:min

1:30

1:30

1:00

1:02

1:24

0:45

1:30

Decompression to

37 000 feet,
hr:min

0:08

0:07

0:06

0:08

0:07

0:07

0:07

0:07

Time at

37 000 feet,
hr:min

6:00

1:57

2:46

2:39

0:44

0:44

4:00

4:00

Descent to

surface,
hr:min

0:07

0:13

0:08

0:08

0:07

0:07

0:07

0:07

Remarks

Uneventful

Shoulder pain

onset 1:55

11 min "S.I."a

Uneventful

Uneventful

Leg pain
onset 0:35 b

Ankle pain

onset 2:00

Uneventful

Subject

a 11 minutes of surface intervals between altitude exposures.

b Treated with overcompression; 3-minute compression to

100 feet, 8 minutes at 100 feet, 10-minute ascent.

e Atmosphere.composition was 49 percent helium, 2 percent

nitrogen, and 4.8 percent oxygen.

aAtmosphere composition was 77 percent helium, 2 per-

cent nitrogen, and 21 percent oxygen.

exercise was performed at altitude. Four out

of the six periods at altitude, ranging from 44

minutes to 6 hours, resulted in no symptoms.

One subject experienced shoulder pains after
1 hour and 15 minutes, and after 2 minutes more

at altitude returned to sea level. Subject 5 had

leg pain at 35 minutes, remained at altitude for 9

minutes and continued to have difficulty after

return to sea level. He was compressed in 3

minutes to 100 feet of water pressure, remained
at 100 feet for 8 minutes, and then returned to

sea-level pressure over a 10-minute period.

Symptoms apparently were relieved by this

therapeutic co/npression.

It must be pointed out that the 3.5-hour ex-

posure to helium-oxygen did not fully saturate

the tissues with helium, and, what is more

important, did not deplete the slowly exchanging

fatty tissues of nitrogen (figs. 12 and 13). Helium

saturation was more complete at 5.5 hours

although residual nitrogen was no doubt present

in the tissues, z0 One of the two subjects who

experienced bends was in the 3.5-hour group;

one was in the 5.5-hour group. Both had almost

equal periods of preoxygenation, and these

periods were no shorter than those undertaken

by subjects who were free of symptoms.

The last two subjects on the protocol had ex-

posures quite similar to those expected in space

cabins. Subject 6 was breathing 49 percent

helium, 3 percent nitrogen, and 48 percent oxygen

for 9 hours. He almost completely saturated his

tissues with helium and had probably equilibrated

his tissues with the 3-percent nitrogen in the

atmosphere. His short preoxygenation of 45

minutes was followed by 2 hours of symptom-

free rest at 37000 feet. He experienced ankle

pain, but from the protocol it appears he remained

at altitude for 2 more hours and did not require

compression therapy. The last subject was

breathing a 77-percent helium, 2-percent nitro-

gen, 21-percent oxygen mixture for 9 hours with

probable equilibration of tissues to both inert

gases. He preoxygenated for 1.5 hours and re-

mained at altitude for 4 hours without symptoms.
Evaluation of these results is most difficult

because of the paucity of subjects in each pre-

atmosphere category and the relatively long

duration of exposure to altitude. It appears that

under the conditions of this experiment, helium

does not relieve all of the bends symptoms to

altitude. It is difficult to say from these data

that the incidence of symptoms is any different

from what would be expected from prior exposure
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to air followed by one to 11/2 hours of preoxygena-

tion. Table 12 246 suggests that young, unse

lected 17- to 24-year-old subjects could expect,

after 1 to 11/2 hours of preoxygenation (no exer-

cise), an 88-percent to 96-percent decrease in

incidence of bends during 90 minutes at 28 000

feet; and about 80 percent decrease in incidence

after only 45 minutes of preoxygenation. Since

the expected incidence at 38000 feet for the

young group without preoxygenation would be

about 45 percent for resting subjects, 24n the ex-

pected incidence of bends after about 1 hour of

preoxygenation from an air environment would

be only about 0.90 × 0.45=40 percent. One would

not expect the incidence of symptoms to increase

significantly for periods longer than the 90 min-

utes of exposure. 2zz' 2za Specific details of these

nitrogenation factors will be covered in a later
section.

From these data, there appears to be no

advantage of 80 percent nitrogen and 20 percent

oxygen over 80 percent helium and 20 percent

oxygen when followed by 1 to lX/2 hours' pre-
oxygenation before decompression to altitude.

The incidence of symptoms of two-sixths, or 33

percent, appears close to the 40 percent ex-

pected for nitrogen. Absence of such crucial

data as age of the subjects (fig. 16), 2°3,24_ the

limited number of subjects, and the nonequilib-
rium conditions of inert-gas saturation in these
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FIGURE 16.--Relatlonshlp between relative sus-

ceptibility and age. Relative susceptibility-_-

(10.8)< age)-- 145. (AFTER GRAY. _os)

studies preclude adequate evaluation of the
helium effects.

Beard et al. 3° have recently presented prelimi-

nary data on decompression from helium-oxygen

mixtures at altitude which were preceded by

6.5 hours of denitrogenation. The protocol

closely simulated early stages of orbital flight,

although it once again represented the unsteady

state regarding nitrogen and helium equilibra-

tion. The data suggest that helium and nitrogen

under these conditions produce bends at similar

rates with a slight advantage for nitrogen under
some of the test schedules. These data tend to

substantiate the prediction of table 9, case 4,

that the incidence of bends under near-equilib-

rium conditions of inert-gas saturation should

be the same for nitrogen and helium.

The successful use of neon in diving by the

Royal Navy has not as yet been followed by

studies at altitude. The definite advantage
indicated for neon by the theoretical analysis

of table 9 should be tested for empirical reality.

After review of bubble growth factors and con-

trolled decompression experience, one point

remains to be covered-the relationship between

the two. The bubble theory presented in the

previous section represents a tool for determining

th,se gas-dependent factors which control the

rate of growth and decay of gas bubbles for local

supersaturation ratios at various body sites.

For any acute decompression event, the degree

of danger appears to be related to the peak bubble

size or pressure that can be attained. The ascent

schedules used in diving also represent a degree

of bubble hazard. Here, the hazard is deter-

mined, in part, by the relative rate at which tis-

sues dispose of gas to the bloodstream or to an

autochthonous site. Empirically, if the super-
saturation ratios in tissues with critical half times

are kept below a given level, bubbles will not

develop frequently enough or grow large enough

to cause symptoms. The ratio of supersaturation

tolerance may be, in reality, not even an index

of bubble size, but an index of the degree of

embolization that the body can tolerate. How-

ever, there is no empirical evidence supporting

this often-quoted hypothesis.

It therefore appears pertinent to examine the

concept behind diving schedules. Focus must

be kept on the role of critical supersaturation
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ratios in the establishment of these tables. It

is only after these concepts are understood that

one can approach an overall hazard index for

specific combinations of inert gas and oxygen.

DECOMPRESSION SCHEDULES AND DENITRO-

GENATION PROGRAMS IN THE PREVENTION

OF DECOMPRESSION SICKNESS

Prevention of decompression sickness in div-

ing has been accomplished by the appropriate
combination of ascent schedules and denitro-

genation techniques. In aviation experience,

the latter has assumed more operational prac-

ticality than the former. In the space-cabin

situation, both techniques may he used to reduce

the hazards of decompression sickness. In

this section an attempt is made to review briefly

the philosophy behind diving ascent schedules.

This approach has led to current computer pro-

grams which can control ascent with great safety.

These computer methods will be presented and

an attempt is made to relate the approach to the

space-cabin problem.

The basis for the preoxygenation-denitrogena-

tion programs used in military aviation is then
covered with an extension to recent studies

defining the decompression hazard of oxygen-

enriched atmospheres. Finally, an attempt is

made to synthesize a possible approach to the

use of these varied techniques in space
operations.

Ascent Schedules in Diving

Most ascent schedules for diving have been

based on the classical Haldane method. TM This

method is based on the following assumptions by
Haldane and associates:

(1) The nitrogen tension in the blood is always

in equilibrium with the partial pressure of nitro-
gen in the air breathed.

(2) At the site of the bends development, tissue

takes up nitrogen at a rate proportional to the

difference in nitrogen tension between tissue and
blood.

(3) When the blood nitrogen suddenly changes

to a lower partial pressure, the partial pressure

of nitrogen in the tissues will change exponen-

tially with time, the half times ranging from 5 to
75 minutes.
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(4) Any tissue can withstand decompression
to an ambient pressure at which the absolute

pressure is half that of the gases in the tissue or
an ascent ratio of 2 to 1.

It should be pointed out that Haldane and his

associates recognized that the rate of saturation
and desaturation of some tissues was slower than

they had assumed. This rule was indicated to

be adequate for "obviating the risk of serious

symptoms while at the same time reducing the
chance of bends to a minimum" in the short

dives at moderate depths (< 200 feet), typical

of their day. TM Subsequent experience with

more strenuous dives has suggested modifica-

tion of the 2 : 1 ratio. These modifications have

been adequately reviewed by Workman, 461

Crocker and Hempleman, _z5 and Rashbass 35s to

name a few. Because the 2:1 ratio of Hal-

dane has assumed a touch of magic in the eyes

of many not familiar with diving physiology, a

brief review of specific modifications is in order.
Hawkins et al. 215 felt that the ratio of 2 to 1

was too conservative for fast tissues and not

conservative enough for slow tissues. On the

basis of an analysis of 2143 dives to depths be-

tween 100 and 200 feet, they determined that

more appropriate safe ratios for tissues of given
desaturation half times would be:

Half time for tissue Safe ratio

desaturation, min

5 ...............................................

10 ................................................

20 ...............................................

40 ...............................................

75 ................................................

5.5:1

4.5:1

3.2:1

2.4:1

1.8:1 to 2.0:1

They revised the Navy diving tables and in-

creased economy of time and safety by ignoring

the 5- and 10-minute tissues and applying ratios
of 1.8 : 1 to 2.0 : 1 for 40- to 75-minute tissue.

The nitrogen elimination curves of Behnke 32

made a notable contribution to the art of diving.

Behnke's data agreed with the first three assump-
tions of Haldane but continued to shed some

doubt on the 2 to 1 ratio for the tissues of longer

half time. The U.S. Navy diving tables in the
1940's and 1950's omitted the 5- and 10-minute

tissues and followed the "three tissue" approach
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of Hawkinset al. 215 with a slight decrease in the
ratios of the 20-minute tissue to 2.45:1 from

3.2 : 1; 40-minute tissue to 1.75 : 1 from 2 : 1,

and the 75-minute tissue to 1.75:1 from 2:1.

For deep dives of long duration simulating the

altitude situation, these ratios were still inade-

quate. The studies of Van der Aue et al. 432

during World War II suggested that all tissue

ratios be reduced for these long dives. Subse-

quent studies by Van der Aue and associates
led to the review of Workman, 461 who suggested

that for long-exposure dives of emergency type,
control of the 120-, 160-, and 240-minute tissues

at a ratio of 1.94 to 1 ratio would be required.

It thus appears that the Haldane rule of 2 to 1

must not be taken out of context of the original

diving parameters (< 200 feet) for which it was

intended. These ratios do not represent pN_ but

treat total pressure as though air were 100 percent

nitrogen. Long-duration dives require considera-
tion of much slower tissues than were originally

intended by Haldane. From experiences at

altitude where the probable ratio is close to 2.7

to 1 and at great depth where the ratio may be

< 1.75 to 1, it is apparent that the Haldane rule

should be applied with caution. However, it

must be kept in mind that with the appropriate

consideration of the slow tissues and appropriate

conservatism at great depth, the multiple tissue

approach of Haldane does have merit. Current

equations for the Haldane calculation of ascent
times have been presented by Behnke 3a and

Schenck. 3s°

Other approaches to decompression schedules
have had their drawbacks. Piccard's treatment

of bubble formation 342 led to the idea that it is

desirable to maintain constant differential pres-

sure acting upon tissues at any depth. This

results in a pressure-volume-density control of

tissue tensions which should keep the tendency
to bubble formation constant at all times. How-

ever, Workman 46_ reports that for diving opera-

tions such an approach is vastly more conservative

than current diving experience suggests is neces-

sary. However, no calculations by Piccard or

contrasting diving data are presented in argument.

Still another approach has been suggested

by the studies of Hempleman et al. 22° and Rash-

bass. :_'_s,35" Instead of studying the rates of

nitrogen equilibration in a number of tissues,
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these investigators suggested that only one

hypothetical tissue be considered. This tissue

would have a structure and nitrogen equilibra-
tion consistent with well established ascent

schedules in diving. This type of tissue is one

through which nitrogen diffuses slowly. Nitro-

gen exchange in this hypothetical tissue is

limited not by perfusion or transcapillary dif-

fusion, but solely by linear diffusion, following

the Fick equation, across a tissue slab. In other
words, the tissues are considered to be immobile

solvent layers as opposed to Haldane's tissues,

which are regarded as well stirred fluids sepa-

rated from the blood by a thin diffusion shell.

The time course of the quantity of nitrogen in

the tissue following a step function in the blood

concentration at a time when the tissue and blood

are in equilibrium is analyzed by Hill's solution

of the Fick equation. 234 In contrast to a limiting

supersaturation ratio of the Haldane approach,

the Hempleman-Rashbass method uses a finite

tissue pressure head of nitrogen above ambient
as critical. This was fixed at 30 feet of water by

Rashbass. The ascent is controlled to prevent

this pressure head in the tissues.
From the discussion in the first section of this

chapter, it would appear that some of the basic

concepts behind this approach may be in error.

The evidence of perfusion limitation of inert-gas

exchange and similar concepts appears to be

directly contradicted, _49 although the diffusion

limitation may hold for critical tissues even if it

does not generally hold for the body as a whole.

Many of the other physiological arguments in

support of this approach are not clear. 21s It is
far from certain that avascular cartilage of the

joints and spinal-column disks are responsible

for symptoms of bends and paralysis. Also,
the fact that the bends probability in goats de-

compressed in 150 seconds is a function of pres-

sure P and the square root of the time t at depth

(Pt_/2=Constant) does not necessarily indicate

that a limiting diffusion process is involved.

Another argument brought up in favor of a

diffusion-limited process is that the amount of

nitrogen eliminated in the first 90 minutes of a

desaturation experiment when plotted against

the square root of time gives a linear plot. The

suggestion that this indicates a diffusion-limited

process is certainly overlooking many alternate



ROLE OF INERT GASES IN DECOMPRESSION SICKNESS

hypotheses. The validity of a critical tissue

pressure P is also open to question. 271 Never-
theless, the method must be considered on its

own merit.

How effective is this approach? Apparently,
this method greatly simplifies the calculation of

tables for short, shallow dives but does not appear

to be satisfactory for dives of long duration. 4sl
Workman attributes failure to two factors: de-

saturation of the entire body is assumed to be

98 percent complete in 6 hours; and (2) for ex-

posures of 20 to 480 minutes, inert gas uptake is

considerably less by Fick's equation than actually
demonstrated for the 5-, 10-, 20-, and 40-minute

tissues. Dives calculated by the U.S. Navy

modification of the Haldane method 151,201 using

the decompression tables derived by Rashbass 35s

reveal surfacing tissue tensions in excess of safe

values, especially in long-duration dives. The
"constant differential control method" of Rash-

bass appears to be inadequate for the "satura-

tion" types of decompression events to be

expected in most cases in space vehicles.

Ascent schedules for helium diving were first

calculated by adapting Haldane rules for the
shorter tissue half times of helium. 317 The

slowest tissue taken into account was that with

a half time of 60 minutes. The early, rapid

ascent of the nitrogen table, therefore, was re-

duced. The ascent ratio was calculated by

considering the tissue partial pressure of helium

plus the partial pressure of nitrogen at atmos-

pheric pressure divided by the absolute ambient

pressure. The addition of longer oxygen stops

at 50 feet gave a table that was adequate for

short-duration dives at moderate depths. How-

ever, the tables were quite inadequate for very

deep dives. 12s, 316

The Russians have attempted to analyze the

permissible supersaturation ratios for helium-

oxygen mixtures r in diving. For the maximum

depth recorded (22.5 meters or 3.25 atm), a value

of 2.66 was obtained as compared with 2.40 for

a depth of 19 meters (2.95 atm) for air. Brest-

kin r5 has attempted to analyze the changing

supersaturation coefficients (SC) or the critical

ratio Po/P of helium, nitrogen, and carbon dioxide

in water under varied total pressures in a dila-

tometer system with the production of visible

bubbles as an end point. With an increase in
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tension, the SC decreases as tension of gas
increases up to 20 atmospheres and remains

constant with further increase for helium and

nitrogen. The absolute values of SC as well as

the decrease in SC with pressure were greater
for nitrogen than for helium. In contrast to

the SC, the pressure head or Po-P increases

with P0. The relatively stable SC at pressures

above 20 atmospheres is explained by Laplacian

surface tension and radius factors. The sig-

nificance of these studies to operational diving

has also been discussed 476,76 with emphasis

on the difference between physical and physio-
logical systems.

Crocker and Hempleman 125 attempted to

apply the Hempleman-Rashbass constant differ-

ential control method to helium-oxygen dives.

This method also proved operationally inadequate

for helium dives at great depth or for useful
periods of time. 125

It is not clear at this point whether the pressure

ratio or pressure head are controlling factors in

the deep, long-duration dives. It is also not
certain how much the critical ratios or critical

pressure differences change with changes in the

absolute pressure. There is a suggestion that

the process of uptake and elimination of gas may

not be reversible in diving operations. For-

mation of "silent bubbles" in tissues may well

alter the elimination rate by adding an extra
"diffusive barrier" in critical tissues. Another

factor confusing the issue is the variable amount

of fat in divers (2 to 20 kg). 3r For saturation

dives on helium, estimates of the slowest tissues

range up to half times of 180 to 200 minutes with

98 percent saturation in 18 to 24 hours, well

beyond the estimates based on gas measurements

following saturation. It appears clear, however,

that by making use of the sequential change of

inert gases during ascent 253 and pushing the

percentage of oxygen to its physiological limit,

a maximum tissue-to-lung gradient of helium can

be maintained, the tissues can be desaturated

at a maximum rate, and ascent time can be
minimized.

Computer Programs in Diving

Several computer approaches have been used

in diving operations. The French have applied

a modification of Haldane's approach to helium-
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oxygen scuba dives. 6a They have programed on

an IBM 1620 computer an equation which gives

the pressure of any inert gas in a tissue of known

half time after inhaling the gas at a given pres-

sure for a given time. Approaching the decom-

pression the same way, they can arrive at a tissue

pressure after a given period of desaturation.

By then comparing the supersaturation ratios

with critical ratios derived from symptom ex-

perience on known tables, they have programed
ascents to avoid the critical ratios. The critical

ratios assumed are given in table 16. Thus,

the computer program can be used to calculate
the tension of dissolved helium in each of the

four half-time tissues during preoxygenation,

during descent with changing percentage of

oxygen in the mixture, during bottom time, and

during ascent. The computer can indicate

duration of stop at 3-meter intervals. During

the past few years the program has proved useful
for shallow dives and for a limited number of

dives up to 150 meters. No mention was made

of saturation dives with a helium-oxygen mixture

which is of immediate pertinence to the space-
cabin problem.

Computer programs have merit in planning

operational diving decompressions, but become

somewhat cumbersome during the actual opera-

tion. Repetitive diving and emergency situations

beyond the preplanned schedule are most diffi-

cult to control by these methods. In recent

years, however, several analog approaches have

been presented which deserve special mention.

The possible use of similar techniques in space

operations is evident.

In 1953, conversations between Hugh Bradner

of the Radiation Laboratory of the University

TABLE 16.-Critical Supersaturation Ratios

and Tissue Half-Times in Helium-Oxygen
Scuba Diving

Depth of dive, m

tl ...................................

,12 to 20 ...........................

20 to 35 ...........................

35 to 55 ...........................

Half time of

limiting
tissue, min

120

60

30

7

Critical

supersaturation
ratio

1.7

1.8

2.0

3.0

of California and Groves and Munk at the Scripps

Institute of Oceanography at La Jolla, Calif.,

led to the development of a hydraulic analog of
the tissue-desaturation mechanism. 2°s Bradner

reviewed the concept of supersaturation ratios

and perfusion limitations of inert-gas exchange 249

and suggested an analog computer based on

Henry's law, a linear device which would indi-

cate when tissue saturation was greater than

surrounding pressure by a given factor. Groves

and Munk 20s presented several designs of a small

analog device to be carried by the diver and

modeling the uptake and release of nitrogen by

critical body tissues. The diver was to merely

regulate his ascent by keeping his depth within

a Haldane ratio of his critical tissue. The gage

automatically accounts for irregular depth-time

history of repetitive dives and allows continuous

optimum ascent instead of uneconomical staged

ascent. A schematic diagram of this device is

seen in figure 17. The chamber consists of a

capillary through which sea water can enter.

An evacuated bellows is compressed propor-

tionally to the pressure in the chamber. This

gives a "constant time-constant" gage. This
means that the time constant of the chamber

with fixed volume and capillary orifice deter-

mines the pressure changes in the fixed aneroid

indicator. If P and Pi are the pressures of the

FIGURE 17.--Schen_atic diagram of one state of a

diving gage having linear response. (AFTER

GROVES Atop MUNK. 2°s)
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outside sea water and the ith chamber, respec-

tively, then the rate of change in pressure in

the ith tissue analog becomes

APi = ki(P-- Pi) (17)

where k_ is dependent on the dimensions of

capillary and bellows. It has the dimension

of time -1 and lne2/k/ is referred to as the half
time of the ith chamber.

One of the problems of this approach is to

determine which of the ith chamber is limiting

on ascent. At any time during ascent any one

of the several half-time tissues may be limiting.

Expressed another way, for any one of the cham-

bers, for example, the jth chamber, the ratio of

pressure Pi to the supersaturation ratio tki will

be larger than for any other chamber. At any

time in the dive only that chamber with the maxi-

mum q_=Pi/l_i determines the rate of ascent.

Several mechanical-hydraulic approaches to
this problem were suggested. However, it was

reported that no operationally useful ascent

meter was forthcoming from this effort. 415 The

Foxboro Co. did produce a single time-constant

version of the analog device. 179 An Italian firm

has attempted a single-chamber device with

little operative success. TM Wittenborn 45s has

also designed a similar device.

In 1963 Braduer and MacKay 73presented elec-

trical analog models of the Groves-Munk con-

cept. The body was considered to be made of

six half-time tissues arranged in the almost

geometric series of 5, 10, 20, 40, 80, and 120

minutes. The critical supersaturation ratios of
each tissue qli for 200-foot dives were 2.7, 2.3,

2.0, 1.7, 1.6, and 1.6. For hypothetical 1000-foot

dives, the corresponding ratios of 2.6, 2.2, 1.9, 1.6,

1.6, and 1.6 were used. Ascent curves were gen-

erated so as to keep the then critical tissue (jth

tissue) from exceeding its qi value. The cor-

responding ascent equations were also outlined.
In one example, a 1000-foot dive with 4 minutes

of bottom time requires 102 minutes for ascent.

This is considerably less than the 275 minutes

determined by the Keller-Biihlmann calcula-

tions. 32s The 102-minute ascent is not opera-

tionally valid in that the ratios were held constant

for all depths and 2 atmospheres of po2 were used.
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It is also of interest that neither of the 4- nor

120-minute tissues were ever limiting in this deep

dive of short duration. These investigators

suggest that switching to gas mixtures of different

oxygen or inert-gas concentrations at different

points in the dive may reduce the ascent times

even further. In principle, if the two character-

istic tissues are the same for two gases, then the

total decompression time will not be changed.

For unequal time characteristics and solubilities,
this need not be true. The characteristic of the

analog device must be modified for each change

of gas.

For the past several years Stubbs of the Royal

Canadian Air Force 415 has been developing a

practical diving gage of analog type similar in

principle to the Groves-Munk gage. Instead of

using the half time of s_a-water flow through a

critical orifice as the tissue analog, Stubbs uses

gas taken from the breathing regulator. Four

Bourdon tubes represent the half times of four

tissues. The device uses the range of 2 to 1 to

3 to 1 for the Haldane supersaturation ratios.

The pneumatic tissue analogs have been con-

nected in various series and parallel arrange-
ments to simulate best the tissue condition.

The series,system has been found to be most

effective. The most striking advance is the use
of a mechanical link which allows the tissue or

chamber with the highest Pi/tk_ ratio at that time

to control the ascent. The diver merely keeps

a dial "bug" representing the critical pressure in

this limiting chamber at or below a pointer rep-

resenting ambient pressure. This allows the
ascent to be continuous and never exceed the

bends limit.

The device has been patented in Canada and

will be manufactured by Huntec Ltd., _Toronto.

It has been tested in numerous dry dives and

has resulted in considerable economy in time and

safety. 416 For example, in short dives of less

than 200 minutes, there has been a 17- to 35-

percent savings in ascent time. For longer dives

of 5 or 6 hours, there has been a threefold reduc-

tion in ascent time from 12 hours prescribed by

the old tables to 4 hours with the pneumatic
computer.

An electrical analog similar in principle to

that used by Bradner and MacKay 73and capable

of continuous control of the rate-limiting tissue
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hasalsobeendevisedby Stubbs. Thisdevice
allowspredictionof repetitivedive schedules
andlong-rangetimepredictionsin divingopera-
tions. This combinationof pneumaticdiving
gageand electricalanalogappearsto be the
mostsignificantadvancein diving technology
inmanyyears.

In discussionswithStubbsit becameapparent
thattheanalogdevicecouldbeusedto simulate
altitudedecompressionsfor any gasmixture.
Thecriticalfactorswouldbechoiceof halfLime
andcriticalsupersaturationratiofor eachofthe
four tissues.Altitude decompressionexperi-
encesuggeststhataratioof 2.7:1maysufficein
spiteof therareepisodesnotedat ratiosof 2:1
to 2.4:1duringflight operations.Thecritical
tissuesprobablyhavehalf times of 100 minutes

to 260 minutes. 26 Stubbs suggests that he would

first start his programs with Haldane ratios of 1.5

and work up to higher ratios with increasing

clinical experience. Stubbs is currently study-

ing helium-oxygen dives and hopes to move into

the altitude problem when the current program

is completed. From his experience with the

program for helium diving, Stubbs suggests that

fourfold advantage of helium over nitrogen in

case 1 of table 9 appears reasonable. Compara-

tive studies of helium and nitrogcn on the analog

computer should prove interesting. The fact
that the 100- and 240-minute tissues were used for

helium as well as nitrogen is of interest in this

regard.

Several new computer programs for decom-

pression 194,_92,2s9 from saturation deep dives

have recently become available, and work is

underway to validate the systems.

In summary, it should be stated that the

bubble-growth factors and desaturation curves

are related through three factors: solubility and

diffusivity of gases at critical sites of the body,

and the perfusion efficiency of the blood flow

through these areas. The "tissue components"

having specific half times do not represent in-

dividual organs per se, but tissue sites where

diffusivity and solubility relationships are

coupled to perfusion factors to give a uniform

characteristic of passage of gas from tissue to

bloodstream. That the bubble-growth and gas-

exchange factors meet in some common ground

is not surprising. The initial supersaturation
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ratio and the rate of gas depletion from the

specific tissues, coupled with the local physical

factors determining bubble growth and decay,

control the number and size of bubbles forming

during any time interval at any body site. The

number, size, and degree of coalescence of bub-

bles, as well as the persistence time and tissue

sensitivity to pressure and ischemic change,

ultimately determine symptom frequency and

pattern. Information gleaned from desaturation

theory must be linked with bubble theory for a

rigorous analysis of the total physiological prob-

lem. Desaturation theory must be correlated

with clinical symptomatology to allow practical

prediction of ascent schedules and decompres-

sion regimens.

Denitrogenation Schedules in Decompression to

Altitude

The role of denitrogenation in altitude decom-

pression has been of interest to aviation physiol-

ogists for several decades. The early work of

Behnke _2 on nitrogen elimination in diving was

followed by studies of Boothby and his associ-

ates in altitude decompression.a2, 68,69 The

protection by denitrogenation against bends at
altitude received much study during World War

II. The results of these studies have been an-

alyzed in great detail by Jones 24s and Bateman. 25
Much of the data below has been taken from

these excellent summaries.

Correlation between the amount of residual

tissue nitrogen after preoxygenation z6,at, 6s, 246,294

and the incidence of decompression symptoms

is a well-known phenomenon. For bends-sus-

ceptible subjects, the half times of tissue denitro-

genation and protection against decompression

sickness appear to be equal. 24e The half time

of the second tissue component for nitrogen

(68 to 73 minutes) seems to correlate best with

the half time of symptom reduction by pre-

oxygenation upon exposure with exercise to

35000 feet. For younger subjects (18- to 21-

year olds), the half times of both the symptoms

and nitrogen depletion from critical tissues are
reduced to about 20 minutes. There is consid-

erable variation from person to person and age

to age (fig. 16). Most of the pertinent data avail-
able have been summarized in figure 18. The

stability of the probability of group perform-
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ance is striking and can be used to generate

tables of the degree of protection afforded to any

group by preoxygenation of any duration against

specific altitudes (tables 17 and 18). The left

ordinate in figure 18 gives the body nitrogen in

percent of normal. The percent tissue nitrogen

retained and the percent symptoms retained are

synonymous. Curves (1) and (2) represent the

highest and lowest percent of residual nitrogen

and percent bends protection found in the three

groups 39'246,4_2 with an age range of 17 to 24

years. Curves (3) and (4) represent the fastest

and average half times in an 18-year-old group.

Curve (Ba) represents the average: curve (8),

the slowest individual protection rates found by

Bateman35 These curves were for protection
at 35000 feet with moderate exercise. Curves

(5), (6), and (7) represent the data for the per-

centage of symptoms retained at 38 000 feet for

17-, 27-, and 35-year olds, respectively.
The effect of exercise rate on incidence of

bends is seen in figure 19. There is a steady

increase in incidence from rest to about 10 deep

knee bends every 15 minutes.

Tables 17 and 18 represent protection factors

from figure 18. These tables are conservative

and are designed to cover groups which elim-

inate nitrogen slowly. Table 17 applies to 35 000
feet and table 18 to 38000 feet with moderate

exercise at altitude. The average nitrogen elim-

ination curves of groups older than 24 years are

used in the tables for the category "probable

protection." The slowest curve (2 of fig. 18)
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TABLE 17.-Protection a of Groups b Compared to

Ascent Without Preoxygenation
[AFTER JONES 24_ l

Preoxygenation, hr Minimum Probable
protection, percent _rotection, percent

0.5 ......................

1.0 .......................

|.5 ......................

2.0 ......................

2.5 ......................

3.0 ......................

3.5 ......................

4.0 ......................

4.5 ......................

5.0 ......................

6.0 ......................

6.5 ......................

7.0 ......................

16

29

41

50

58

61

7O

75

79

82

85

86

89

91

26

45

59

7O

77

83

87

91

Zero protection equals incidence of decompression sick-

ness of group without preflight oxygen when ascending to

altitude at 4000 feet per minute.

b For group prediction and not for individual prediction.

appears in the table as the "minimum protection"

category. The young group of table 18 elim-

inated nitrogen very rapidly; the average elim-

ination rate of Ibis group is fasler than tbe fastest

rate in individuals older than 24 years. Unless

age or nitrogen-elimination characteristics of a

group are known, prediction sh.uld be made wilh

"minimum protection" category. "Protection"

is given in percentage of improvement over the

TABLE 18.- Protection Afforded by Various Intervals

Feet. At Rest and With Moderate Activity
[AFTER JONES 246]

Preoxygenation, hr
Minimum protection

(exercise), _ percent

at ahitude.

0.5 .............................................

].0 .............................................

t.5 .............................................

2.0 .............................................

2.5 ............................................

3.0 ............................................

3.5 .............................................

4.0 .............................................

4._ .............................................

Ten 9.inch stepups each 5 minutes

15

29

40

50

56

62

65

68

69

of Preoxygenation for 90.Minute Flights at 38 000

Probable protection Young, unsclected.
(exercise)? _ percent 17 to 24 years

(exercise), a percent

24 42

55

61

63

65

66

66

66

66

42

54

61

66

69

71

72

73

Young, unse[eeted,
17 to 24 years
(rest). percent

65

88

96

99
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Time, min

FIGURE 19.--Comparison of cumulative incidence

of decompression sickness in group of fourteen

subjects exposed in random fashion to variable

degrees of exercise during simulated flights at

35,000 feet. Exercise was deep knee bends.
(AFTER FERRIS AND ENGEL. 169)

expected condition of preflight oxygenation for

that group and ascent to altitude no faster than

4000 ft/min. For example, if at an altitude of

35000 feet a group experiences 70 percent

symptoms, and 50 percent forced descents with

no preoxygenation, after 1 hour of preoxygenation

one would expect from table 17, "a minimum pro-

tection" for the group of-

0.70 x 0.29 = 20.3%; 70-20.3= 49.7% symptoms
0.50 x 0.29= 14.5%; 50- 14.5 = 35.5% descents.

With the dashed curves of figure 18 and from

table 19 can be noted the rate of regaining body

nitrogen and loss of protection by 1 hour of

breathing air following various lengths of pre-

oxygenation at sea level. As expected, the

slower nitrogen eliminators lose protection more

slowly.

The group-to-group variations are interesting.

The difference may be related to adiposity, but

is probably dependent on the higher rate of per-

fusion of critical tissues in the youngest group.

Presence of slight hypoxia will increase the

denitrogenation rate/46 Above 30000 feet,

where slight hypoxia is often present, denitro-

genation rates are more rapid. Below this al-
titude there is no increase above the sea-level

rate and possibly some decrease. 3°° Exercise

during denitrogenation will, of course, increase

the rate. 1G There is a limit to protection by

preoxygenation when decompressing with exer-
cise.

It has been noted that exercise at 38 000 feet

will apply a definite limit to the protective effects

of preoxygenation at sea level. 246 In table 18 it is

seen that beyond 1 hour of preoxygenation there

is very little improvement in the bends tolerance

of the rapidly denitrogenating group undergoing

exercise. High carbon dioxide levels in the

exercising muscles may well be responsible for

the limit of preoxygenation protection in bends-
resistant individuals at altitudes above 38000

feet. The phenomenon is not seen below this

altitude or in bends-sensitive groups.

There are two other factors that modify the

determination of preoxygenation time. The

first is the fact that the longer an individual pre-

oxygenates, the longer he can stay at altitude

TABLE 19.--Protection a Retained When Preoxygenation Is Interrupted With Air Breathing

[AFTER JONES 2461

]'ime, hr ................................

Minimum

pr-tection.

pereenl ...............................

Probable

protection,

02

1

29

Air 02 Air

1/2 1 2 V2 l

26 20 50 40 33

02 Air

3 V2 1

64 54 46

02 Air

4 1/2 1

75 62 53

02 Air

5 V2 l

82 68 60

02 Air 02 Air

6 V2 1 7 1/2 l

86 74 62 91 74 62

percent ............................... 45 33 25 70 52 39 83 62 46 91 67 50 95 70 52 97 72 54 97 73 54

a Zero protection equals incidence of decompression sickness of group without preflight oxygen when ascending to an altitude

of 35 000 feet at 4000 feet per minute.

246-829 0-67--5
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before onset of symptomsY 25'247 Since denitro-

genation for 1 hour results in an increase of 15

minutes in latent period, the true denitrogenation

period would really be 75 minutes instead of 60

minutes. This prolonged effective preoxygena-

tion time is countered by the second factor, the

tendency for development of "silent bubbles"

at "prebends altitudes." 99 The study of Gray 2o4

suggests that in the period at 20 000 to 30 000 feet

on the way to higher altitudes, the formation of
"silent bubbles" can be assumed to reduce the

effectiveness of preoxygenation from one-half to

three-fourths the sea-level equivalent. These

two factors will, therefore, cancel one another

in gradual ascent to altitude and reduce the

latency-time distortion from 15 to 10 min/hr.

In rapid ascents, however, the full latency fac-

tor should be kept in mind. When denitro-

genating on 100 percent oxygen above 38 000 feet,

the slight hypoxia and rapid circulation may

give an equivalent of about 20 additional min-

utes of sea-level preoxygenation per hour. The

role of the vasoconstrictive aspects of the hyper-

ventilatory hypocapnia is still not clear in this

situation.

The protection half time for chest symptoms

(chokes) of 35 minutes is considerably longer

than that observed for joint symptoms in the

same group. 1_ The reason for this difference

observed at an altitude of 38 000 feet may be that
the slower tissue is involved in chokes. There

appears to be no exercise limit as seen in joint

symptoms for the same group. This suggests

that the muscle insertions which may be partly

responsible for joint symptoms of bends are

probably not the major source of bubbles in
chokes.

In general, the correlation of preoxygenation

and symptom reduction has been poor in pre-

dicting individual susceptibility to decompres-

sion sickness.25. 26,100,246,412 Operational in

adequacy of the denitrogenation prediction

probably results from gross variation in perfusion
of critcal tissues and from differences in adi-

posity. Many tissues, as classified by gas ex-

change and vascularity, must have a more rapid

or slower gas-exchange rate than the bulk of

tissues. When such tissues are present in small

amounts they may be masked in the denitro-
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genation curves by the relative mass of differently

vascularized tissues. In predicting the pro-

tection rate or level, this limiting tissue might

differ radically from the average or modal tissue.

In group data, these "limiting tissue" effects

cancel out with the resultant strong correlation

between group denitrogenation and group pro-
tection., This correlation is far too weak in a

single individual for an adequate prediction ot

bends protection from denitrogenation data.

From the data presented above, it would ap-

pear that prior equilibration to any atmosphere

with a lower partial pressure of nitrogen than air

at sea level would protect against the bends.

Such is the situation in space cabins where re-

duced total pressures and increased partial

pressures of oxygen bring about relatively low

partial pressures of inert gas. Can symptoms

be related to partial pressure of nitrogen and

other gases in tissue? What is the actLial in-

cidence of bends after prolonged equilibrium

exposures to altered inert-gas concentration, and

how does this incidence compare with that pre-

dicted from denitrogenation theory? Can these

data be used to predict the protective effects of

any inert gas substituted for nitrogen in these

altered atmospheres?

Bateman 25 attempted to aoswer the first ques-

tion by developing an overall equation which

related the likelihood of symptoms appearing

at a given time to the "product of the bubble

size and the initial supersaturation divided by

the square root of the time measured from the

instant of decompression." The bubble-size

factor is clear. The supersaturation ratio could

represent the original driving force of the gas

and the lit I/_, an empirical factor, could be a

function of the residue of that driving force re-

maining after a diffusive process has limited

removal of the gas from the tissues. Bateman

attempted to relate this postulate to tissue gas

factors. The following is a slight modification

of his approach to the problem of predicting the

likelihood of symptoms from this postulate.

The removal of nitrogen from a given region

following decompression to a given altitude is

assumed to follow the equation

PN2=(PN,O--pN,:c)'e-kt'4-PN, :_ (18)
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where

PN2 partial pressure of nitrogen at time t

pn2 ° initial partial pressure of nitrogen

pN, _ value approached after indefinitely long

decompression

k time constant of the desaturation process

According to equations (1), (2), and (3) and the

subsequent discussion, a bubble will grow when

the sum of the partial pressures of the gases

exceed the total hydrostatic pressure, the pres-

sure of surface tension factors being neglected, or

when PB >H. This can be expanded to the
condition

PN2 -+-PCO_+ PO2+ PH_O> PA + Pr

The supersaturation S at the bubble site is
defined as

S = (PN2+ PCO,+ Po, + Pmo) -- (PA + Pr.) (19)
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degree of supersaturation at the bubble site

after time t is obtained by

S=(pN2°--PN2_)e-_'t+pn_+po2+62--PA (21)

The initial supersaturation So at t :- 0 is:

S o= (p N2° + PO, + 62) --A (22)

By combining constants and substituting equa-

tion (19) for the AP, equation (7) can be rewritten

to indicate the rate of bubble growth in a capillary

dVg = KS KS
dt PA+PT-- (Po_+Pco,+Pn_o) PA--po_--62

(23)

where

a_DgAR
K=(- _ /)=Constant

Assuming Pmo = 47 mm Hg; Pco,----45 mm Hg;

and PT = 30 mm Hg (capillary blood pressure for

bubbles forming in capillaries)

S = (PN, + Po, + 62) -- PA (20)

Substituting equation (18) into equation (20), the

By substituting equation (21) for the super-
saturation S

dV K[(pN20+pN_)'e-kt+pN2_+po_+62--PA]

dt PA -- PO, -- 62
(24)

Integrating from t = 0 to time = t

1
PA -- P02 -- 62 (p N2:¢ -_- PO2 -_-62 -- PA ) t + _ (pN,° -- pN2 :_) (1 - e -_'t)

V-- Vo= K
(25)

where Vo--volume at t = 0.

could be determined by

The basic postulate of Bateman was that the likelihood of symptoms X

X = VSoN/_= _tt (p Ns° + Po_ + 62 -- PA) (26)

By ignoring the small initial volume of the bubble V0, and substituting equation (25) for V, the likeli-

hood of symptoms can be determined:

pN,°+po, + 62-- PA[k (pN,O--pN**)(l--e-kt)--(PA--pn,_--po,--63) t]
X=

(PA -- Po,-- 62) k/_

(27)

This equation and postulate were tested by Bateman against the data for likelihood of symptoms

at depth and altitude upon exposure to any final ambient pressure PA. As desaturation constants

for the equation, he chose two values: for fast denitrogenation, k=l; for slow denitro-
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genation,k=0.2. These constants indicate
that the time required for the k=l subject to

elinfinate 1 -- 1/e or 0.64 of the initial nitrogen is

1 hour; for k = 0.2, 5 hours.

Empirically, substitution of the PA--po_--62

factor by PA + 30 as seen in equation (28) gives

a closer fit to the data, especially in avoiding

X_
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too great an expansion of bubbles at high alti-

tudes. As the predecompression altitude is
increased and absolute pressure of nitrogen is

decreased, the carbon dioxide and oxygen factors

would be expected to play an increasingly larger

role. The modified equation (28) represents this

empirical correction for high-ahitude decom-

pression.

pN_°+po,+62--pA [l (pN_°--pN_=)(l--e-kt)--(PA--pN_=--po_--63) t]

(PA + 30) X/_ (28)

The modified Bateman equation has been used

to generate values of X in the curves of figure 20.

The symptom threshold was set at 650 since, at

the time the equation was written, the most sus-

ceptible individuals were thought to show very

few symptoms upon sudden decompression

from 44 feet of sea water after saturation dives.

That this threshold should be lowered to between

500 and 600 is suggested by the data of Duffner

and Snider ,4r in table 14, where only 33 feet of

water appeared to be the threshold for suscep-

tible divers after 12 hours at depth.

In a few susceptible persons, symptoms of

decompression sickness are also seen in decom-

pressions to 25 000 feet or lower. 's5 That only

l, OOC

X

/44 ft fresh water, ilk - 5 hr

65C - - - Symptom threshold
35,000f{. l/k- 1 hr

50C + + -25,000ft. l/k-Shr

00_44 ft fresh water, l/k • 1 hr25,OOOft. l/k - 1 hr

0.5 1.0 1.5 2.0

Time, hr

FIGURE 20.--Effects of sudden decompression

reproduced by inedited equation (28). Values

of X calculated from equation (28) for cases

of sudden decompression as indicated on right.

A desaturatlon constant, k, of 1.00 is assumed

typical of persons highly resistant to decom-

press/on sickness, and a value 0.200 (I/k=5 hr)

is taken to characterize the more susceptible

persons. (AFTER BATEMAN. 98)

the most resistant subjects (I/k= 1 hr) tolerate

decompression to 35 000 feet without symptoms

:and that susceptible subjects invariably get bends

are shown by these calculations.

Bateman then calculated the decompression

ratios that will just permit the threshold value of

X to be reached for slow and fast denitrogenators

decompressed while saturated at different

absolute pressures of air. These values, seen

in figure 21, indicate that the ratio of 2.7 is ade-

quate for slow desaturators when decompres-

sing from sea level. As would be expected from

Piccard's theory in the first section of this chap-

ter, these ratios increase with altitude and

become increasingly dependent on pco, and pc,

factors.

A more practical presentation of the threshold

decompression ratio is seen in figure 22. Here

the values on the abscissa give absolute pressures

of saturation exposure with corresponding alti-

tude and depth figures; the ordinate gives thresh-

old pressures for safe, rapid decompression.

The initial partial pressure of nitrogen for

threshold decompressions may be obtained by

multiplying each pressure by 0.8. This graph
indicates that from sea level, the more resistant

individual can decompress to 35 000 feet and

the more susceptible to only 25 000 feet without

symptoms. From an altitude of 7500 feet (500

mm Hg), the more resistant individual can de-

compress to 43 000 feet and the more susceptible
to 35 000 feet. Unfortunately, the lower end of

the curve which is of great importance to the

present study is not complete. It may well be

that the increasing importance of PeG2 and pc, in

decompression from high altitudes is not ade-

quately covered by this semiempirical equation.
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Bateman, 24 however, feels that the equations

should be valid for space-cabin studies at higher

altitudes of equilibration. He claims that there
was no need for the calculation of values for

higher saturation altitudes during World War II.

To arrive at a first-order prediction of the

hazard of decompression from space cabins of

mixed-gas type and set a basis for evaluating

empirical data to be presented, one can calculate

the X values for decompression to 35 000 feet

(3.5 psi) for 1 hour from the following equilib-

rium conditions: (1) 15 000 feet on supplemental

oxygen to give sea-level alveolar equivalent,

and (2) 18 000 feet on a mixture of 50 percent

oxygen and 50 percent nitrogen. The alveolar

values for PN, and Po= will be used to approximate

the tissue levels. From the alveolar gas equa-

tion (eq. (8) in ref. 309), the alveolar nitrogen and

oxygen were obtained. For 15 000 feet, assuming

an alveolar po= = 103 mm Hg, the pN_° would equal

PA--47--40--103=239 mm Hg. For 18000

feet, on 50 percent oxygen and 50 percent nitro-

gen, the values of po= = 123 mm Hg, pN=°= 169

mm Hg. The pN=_ is 0 for 100 percent oxygen at

altitude. One can convert the equation to com-

mon logarithms by changing k values to k'

=k/2.303. The value for k=1.0 becomes

k'=0.434, and the value for k=0.2 becomes

k' --- 0.0868. The exponential factor e -kt becomes

10 -k't. For fast desaturators (k=l.0), equili-

brated at 15 000 feet with sea-level alveolar Po2,

equation (28) reads:

I I I I I

Ct.,.
O.1:

EE

]/k " 1 hr

Ilk 5 hr

6,000 0 25 50 75 10O 150 200

Altitude or depth (in fresh water)

of body saturation with air before decompression, ft

30O

FIGURE 21.--Theoretical threshold decompression

ratios. Threshold decompression ratios [or

rapidly (upper curve) and slowly (lower curve)

desaturatlng persons initially equilibrated with

air at various absolute pressures indicated by

depth and altitude values on axis of abscissae.

Curves represent decompression ratios at which

maximum value of X attained according to

equation (28) is 650, threshold value. (AFTER

BATEMAN. 25)

EI ]238 + 103 + 62 -- 179 _ (239-- 0) (1--10 --43(1.°))-- (179 -- 0 -- 103 -- 63)1.0
X- --148

(179 + 30)

In the same manner, for exposure of slow de-

nitrogenators (k----0.2) the same exposure would
give X= 229. The calculation can be made for

case 2 with equilibration at 18 000 feet with

50 percent oxygen and 50 percent nitrogen. The

value of X for fast equilibrators (k= 1.0) will be

96; for the slow equilibrators, 134.

This calculation would suggest that the likeli-

hood of symptoms in fast denitrogenators would

be 1.5 times greater in the 15 000-foot group than
in the group equilibrated at 18 000 feet on 50

percent oxygen and 50 percent nitrogen. For

the slow denitrogenators, the likelihood of symp-

toms would be about 1.7 greater in the 15 000-

foot group than the 18 000-foot group. In both

cases, however, the X values fall far short of the

threshold of 500 to 650 for expected symptoms

in some subjects. From figure 20 it can be seen

that subjects equilibrated at 15 000 feet (X= 148

to 299) would be expected to have the same

frequency of symptoms as rapid denitrogenators

decompressing to 25 000 feet from sea level.

From the reviews of Ferris, 169 Cook, 112 and

Nims 329 the expected frequency of bends at
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FIGURE 22.--Threshold decompression curve. (AFTER BATEMAN. 25)

this low altitude can be determined. Subjects

at rest at 25 000 feet had about 0 to 1.5 percent

symptoms; subjects exercising at five deep knee

bends/min every 3 minutes during 20 minutes

at altitude, 15 to 18 percent. Symptoms at rest
were all mild; with exercise some moderate

symptoms were noted. If the Bateman equation

and the concept of symptom likelihood holds

for both resting and exercising subjects, then one

could predict that for subjects equilibrated at

15 000 feet to tissue nitrogen of 239 mm Hg,

decompression to 35 000 feet at rest should give

from 0 to 1.5 percent symptoms; and with exer-

cise, from 15 to 18 percent symptoms. In a like
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manner, the subjects equilibrated at 18 000 (50

percent oxygen and 50 percent nitrogen) should

have about 0 to 1 percent symptoms at rest and

about 7 to 11 percent symptoms with exercise.

Similar calculations for final suit altitudes of

27 000 feet (5 psi) predict symptom rates about
one-third of those at altitudes of 35 000 feet.

Initial atmospheres at 5 psia of 70 percent N2

and 30 percent 02 with PN, of 77 mm Hg will

reduce the expected symptom rate considerably.
What empirical data are available to check

these predictions? In 1944, Bateman and his

associates reported on studies of subjects decom-

pressed to 35 000 feet after spending 6 hours at

15 000 feet with alveolar oxygen equal to sea

level. " These are essentially the conditions cal-

culated in the first examples above. During

ascent, a standard exercise regimen was ini-

tiated at 20 000 feet. It consisted of five deep

knee bends and five arm bends (with 3-pound

weights) every 3 minutes. This exercise was

so strenuous that it was often difficult to dis-

tinguish between joint pain and fatigue from

exercise and from bends. For this purpose,

secondary ascent to 40 000 feet was often at-

tempted at the end of a questionable run. An

arbitrary scoring system was used which gave

the degree of immunity as a function of time of

onset, severity, .and duration of symptoms.
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Details of the bends scoring are given in the
footnote to table 20. The results are shown on

row A of table 20. The 40-percent oxygen repre-

sents normal alveolar Po,. The 30-percent

oxygen in row B represents alveolar Po, reduced

to 5000 feet equivalent on air. The 40- and 70-

percent oxygen of row C at ground level repre-

sented a still higher PN_. It can be seen that

subject JB was far more sensitive to bends than

the other three subjects. In four out of six runs

on 40 percent oxygen at 15 000 feet, symptoms

were absent or negligible. Only JB had symp-

toms. Increase of nitrogen in the 30-percent

oxygen run caused symptoms in LC. Subject

JB happened to have one of the slowest denitro-

genation rates ever recorded. His curve is (8)

in figure 18. After 6 hours at 15 000 feet on

40-percent oxygen, he still had 65 percent of

original sea-level nitrogen in his tissue in contrast

to the expected equilibrium level of 40 percent.

Prolongation of his equilibrium time to 12 hours

(row D) increased his tolerance considerably.

Prediction of expected incidence of symptoms

from the Bateman equation gave about 15 to 18

percent for this type of experiment. The small

number of subjects precludes adequate test of

the equation, but the general level of symptoms

is in the predicted range. Rows B, C, and D of

table 20 indicate how close to the symptom

TABLE 20.--Degree of Immunity to Decompression Sickness Following Various Forms of Desaturation
[ADAPTED FROM BATEMAN 25]

Test

A ..............................

B ...............................

C ..............................

D ..............................

Procedure before decompression

Oxygen

inhaled, Duration,
percent rain

40 36O

40 36O

3O 36O

40 360

57 36O

40 720

59 720

Altitude,
ft

15 000

15 000

15 000

1000

1000

1000

1000

PN, at Fraction
equilib- of sea

rium, level, pN,

mm Hg

233 0.39

233 .39

272 .46

419 .71

290 .49

419 .71

285 .48

Scores at 35 000 fi (exercise) a

Subjects

RS LC RH

36O+ 36O+ 344

319+ 360+ 360+

.............. 348 ..............
143 + 156 171

137 -4- 351 335

JB

98

131

106

90

167

113

271

a Scoring system: 4 points are allotted for every minute free of pain; 3 points for every minute of grade 1 pain; 2 points for

grade 2 pain; and 1 point for grade 3 pain. Maximum score for 90 minutes is 360.
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threshold the tissue nitrogen content did lie

in the 15 000-foot experiments. Analysis of the

Bateman equation and these data suggest that

the tissue nitrogen equilibrated at about 240

mm Hg may be a threshold value for symptoms

in all but the extremely sensitive at 35 000 feet
with the most severe exercise. The small

number of subjects demands a guarded

prediction.

Another set of experiments was performed

by Balke and associates at Mount Evans, Colo. _5
A brief review of the results has been presented

by Clark et a12 '_ The susceptibility to bends
and chokes was tested at 38 000 feet with exer-

cise of five deep knee bends every 3 minutes.

During control tests from ground level (747 mm

Hg), all subjects (aged 20 to 51; mean 33.39

years) experienced third-degree bends or chokes

in an average time of 18 minutes. After subjects

lived 3 to 4 days on air at an altitude of 10 000

feet (525 mm Hg total pressure; 420 mm Hg PN_),

third-degree bends were not observed when

subjects were subsequently decompressed
further to 38000 feet in a mobile chamber.

Second-degree bends occurred after an average

of 50 minutes. The pains were not severe enough
to force descent. The same was true at a lower

conditioning altitude of 6000 feet (625 mm Hg

total pressure). Two days at 14 000 feet (total

pressure 446 mm Hg; pN_=355 mm Hg) resulted

in only two out of seven subjects experiencing

slight pains, with symptoms disappearing at

altitude at the end of the 1-hour test. Exposure
to 42 500 and 56 000 feet for a total time of 30

to 40 minutes after equilibration to 14 000 feet

resulted in no symptoms when subjects simulated

work involved in piloting an airplane. These

studies suggest that equilibration to tissue

nitrogen of 440 mm Hg PN2 may protect subjects
from the more serious grade 2-3 bends upon

subsequent exposure to 38 000 feet while under-

going mild to moderate exercise at this altitude

and may reduce incidence of symptoms to about

30 percent.

In 1957 Marbarger et al. TM reported studies

of 15 subjects with nonequilibrium desaturation

at altitude before decompression to 38 000 feet

while perfi_rming five deep knee bends every 3

minutes h_r 30 minutes. Control subjects

breathing air at sea level all experienced bends
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within 16.9 minutes. After breathing an oxygen-

enriched mixture (105 mm Hg po2; 260 mm Hg

PNz) for 4 hours at an altitude of 18 000 feet, 47

percent of the subjects experienced bends within

the 30-minute test period. Four hours of de-
saturation at 12 000 feet on 105 mm Hg po_ and

380 mm Hg (PN2 resulted in the same percent

symptoms. Denitrogenation on 100 percent

oxygen at 18 000 feet for 2 hours gave 60 percent

symptoms after the same test exposure. Even
though the total nitrogen present in the tissues

at the end of the 4-hour exposures on the nitrogen-

oxygen mixtures was greater than in the short

preoxygenation with pure po, the symptom rate
was lower in the former. The extra 2 hours on

the nitrogen-oxygen mixture probably allowed

slower critical tissues to desaturate more

adequately.
Marotta et al. 3°3 studied the effects of different

times of equilibration with air at 12 000-foot

altitudes (380 mm Hg PNZ) on subsequent bends

upon exposure to 38 000 feet. Exercise at test
altitude consisted of five deep knee bends

every 3 minutes for 30 minutes followed by five

deep knee bends every 2 minutes for the next 30
minutes. Immediate descent followed onset

of symptoms. As expected, there were wide
variations from person to person and for the

same person in the time of onset of symptoms.
As the time at 12 000 feet increased from 0 to 8

hours, the mean time before onset of symptoms

lengthened from 18 to 32 minutes. After 8 to 12
hours at 12 000 feet, the mean time decreased

to 25 minutes, possibly a result of "silent bub-

bles." ,,23 Also, the chronic mild hypoxia may
have had some biochemical effect. The reduc-

tion of symptoms by equilibration to lower PN_
was not as marked as that noted by Balke25

In contrast to Balke's subjects, who were in

excellent physical shape and exercised freely

at equilibration altitudes, these subjects were

sedentary and equilibrated at rest. Of interest
is the note that the site of joint pains did not

change significantly with the duration of equili-

bration.

A recent experiment on bends protection by

equilibration at altitude was performed by
Damato et al. _:_° at the Air Crew Equipment

Laboratory. These studies, sponsored by NASA,

attempted to compare the symptoms present in
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12 men brought to an altitude of 35000 feet

after different preoxygenation and equilibration

regimens. At altitude, subjects engaged in a

Master's Step Test consisting of 10 stepups on

a 9-inch platform every 5 minutes for 3 hours.

This appears to be slightly less exercise than that

in previous bends stress tests after equilibrium

desaturation at altitude. Subjects were stand-

ardized as to general bends tolerance by being

brought to an altitude of 33 750 feet with no pre-

vious oxygenation and exercising. As a result,

26 out of 28 subjects experienced symptoms

severe enough to force descent. Henry et al. 224

had previously studied the same decompression

sequence with 156 subjects and 290-man runs

and had found only 33 percent forced to descend

because of symptoms. This suggests that the

subjects of Damato et al. were highly bends

prone. The mean age of 18.4 (17 to 23) of Henry's
subjects as compared to 25.4 (19 to 40) in Da-

mato's group may partially explain the difference

in sensitivity. 204

Table 21 reviews the test conditions employed

in this study. Conditions 1 to 5 represent the

preoxygenation phase of the study. Subjects

denitrogenated for 2 to 3 hours and decom-
pressed to altitude in from 40 to 120 seconds.
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It is seen in table 21 that 10 out of 12 of those

preoxygenating for 2 hours experienced bends

regardless of time of decompression. The
incidents of forced descents was 5 to 7 out of 12.

The poor response to preoxygenation (see tables

17 and 19) corroborates the results of the stand-

ardization test that a high bends-prone group
of slow denitrogenators was being studied. In

test 5 where 3 hours of preoxygenation were

used, only 1 out of 12 experienced symptoms
which required descent at 132 minutes.

In conditions 6 to 9, subjects were equili-

brated in an atmosphere of 50 percent oxygen

and 50 percent nitrogen for 12 to 24 hours before

decompression. Only in condition 6 was this

equilibration period preceded by preoxygena-

tion for 2 hours. All decompression took place

over a 60-second period. In condition 7 where

only 12 hours of equilibration were used, 10 out

of 12 subjects had symptoms and 3 out of 12

were forced to descend. In 3 of these 10 cases,

subjects experienced bends, 4, 5, and 7 hours

after onset of equilibration at an altitude of 18 000

feet. This again corroborates the high-risk

nature of the group. Heavy physical exertion,

unusual for these subjects, was reported On the

day prior to the test. It is doubtful that this

TABLE 21.--Incidence and Time of Onset of Bends Under Various Test Conditions

[AFTER DAMATO 13o]

Tests

Conditions

e

Preoxygenation
time (sea
level), hr

Equilibration Decompression
time, percent a time, sec h

0 4O

0 80

0 120

0 4O

12 60

12 60

18 6O

24 60

a Breathing 50 percent oxygen and 50 percent nitrogen
at 18 000 feet.

h In runs involving equilibration, decompression from sea

level to 18 000 ft was 60 seconds. T, expressed in tables, is

decompression time from 18 000 t_ 35 000 ft.

Symptoms

Time of onset,
Ratio min

12 : 12 8 to 81

10:12 13 to 119

l0 : 12 40 to 152

10:12 16 to 134

1 : 12 106

1 : 12 21

10:12 0to44 _

1 : 12 18

4 : 12 0 to 114

Forced descent

Ratio Time, min

10:12 11to62

7:12 22 to 126

5:12 65 to 154

6:12 44to 148

1:12 132

1:12 86

3:12 0to132b

0:12

1:12 20

c 0 indicates onset of bends symptoms and/or forced de-

scent occurring during decompression to, or arrival at, 35 000

ft.
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precondition, without any reported joint or muscle

injury, would have a specific influence on the

symptomatology. The symptoms at 18 000 feet

might well be a reflection of the poor cardio-

vascular condition of these subjects which may
also have been reflected in the "overexertion"

of the previous day.

Prolongation of the equilibration to 18 hours

(condition 8) resulted in reduction of symptoms

to 1 out of 12 with no descents. The prolonged

denitrogenation time of 12 to 18 hours suggests

that many of these subjects could be classed in

the slow denitrogenator groups (curves (2), (7),

and (8) in fig. 18). The extreme variability of

the subjects and symptoms is indicated by con-

dition 9 in which 4 out of 12 subjects experienced

symptoms after 24 hours of equilibration. Three

of these four experienced no bends after 18 hours

equilibration in condition 8. This would suggest

that after 18 hours there was probably little or

no change in tissue nitrogen and that no inert-

gas variables were present. It is of interest

that exposure to 2 hours of oxygen prior to a

12-hour equilibration (condition 6) reduced

symptom rates to 1 out of 12 with descent re-

quired. The extra 2 hours of denitrogenation

probably had little effect on the absolute level

of tissue pN_, but brought 9 out of 12 subjects

below the symptom threshold. Since the final

equilibrium level of PN_ is 190 mm Hg, 2 hours

of preoxygenation on 100 percent oxygen should

be equivalent to 608/418, or 1.5 times this dura-

tion under equilibration conditions at a PN2 of

190 mm Hg. The 2 hours of oxygen would,

therefore, be equivalent in denitrogenation effect

to 3 hours of 50 percent oxygen and 50 percent

nitrogen at 18 000 feet. The fact that 2 hours of

preoxygenation followed by 12 hours of equilibra-

tion (15 hours of effective equilibration) gave

symptom rates equivalent to 18 hours at 18 000

feet suggests that the 12- to 18-hour period placed
subjects in a broad threshold zone with minor

physiological variables playing as significant a

role in symptoms as the final equilibration level
of PN2. Formation of "silent bubbles" at 18 000

feet is no doubt one of the major factors in
question.

How do these results compare with previous

predictions? The equivocal results in this study

are probably a function of the wide range of age

and physical conditioning. One can predict with

relative certainty that with a uniform group of
well-conditioned individuals such as an astronaut

group, 8 to 12 hours of equilibration at 18 000

feet with 50 percent oxygen and 50 percent

nitrogen without preoxygenation should be

adequate protection against bends upon exposure
to moderate exercise at 35000 feet. Even

though the astronaut group falls in the upper

age bracket of the Gray study (fig. 16), the gen-
eral excellence of cardiovascular conditioning

would probably put them in the bends-tolerant

category of younger subjects who are rapid

denitrogenators.

The Bateman equation (19) predicted for the

category of slow denitrogenators (k--0.2), a

symptom likelihood, X, of 134 when equilibrated

at 18 000 feet with 50 percent oxygen and 50

percent nitrogen. This was interpreted from

figure 19 to represent about one-half the incidence

of bends expected of a rapidly denitrogenating

(k= 1.0) subject after decompressing from sea
level to 25 000 feet. For 1 hour at altitude and

at rest, this incidence would be 0 to 1 percent:

with moderate exercise, 7 to 11 percent. The

1 out of 12 incidence experienced in this experi-

ment under equilibrium conditions falls within

the expected incidence.

It is obvious that more data are required to

substantiate fully the Bateman equation for

equilibrium conditions with slow and rapid de-

nitrogenators. If the Bateman equation is cor-

rect, rapid denitrogenators would be expected to

have, at equilibrium, 96/134 or 0.7 times the

incidence of symptoms of slow denitrogenators.
This would give an overall prediction that within

12 hours of exposure to 18 000 feet with 50 per-

cent oxygen and 50 percent nitrogen, a well-

conditioned astronaut when exposed to moderate

exercise at 35 000 feet would have a 5- to 8-per-

cent chance of experiencing bends. Two hours

of preoxygenation should reduce this equilibra-

tion time to about 9 hours: 3 hours of oxygen

should reduce the equilibration time to 6 hours:

and 4 hours of oxygen, to 3 hours. By preoxy-

genating for 5 hours, a well-conditioned astronaut

should be able to step into an atmosphere of 50

percent oxygen and 50 percent nitrogen at an

altitude of 18000 feet, be almost fully equili-

brated with the PN_ of this environment, and
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expect the 5- to 8-percent incidence of bends

predicted by the Bateman equation and its
corollaries.

An excellent tabular summary of American

and Russian decompression episodes following

altered gaseous environments has been pub-

lished by Wilson. 453 Many of the isolated ex-

posures not discussed in this section may be
found in this table.

A recent study has been presented by Degner
et a123e attempting to correlate the incidence

of bends with the level of nitrogen dissolved in

the blood prior to decompression. The hypoth-

esis that this level would be significant arises

from the theory of Piccard 342 (see first section

of ch. 2) which stated that a critical number of

molecules had to be present in any volume of

fluid in order to initiate growth of a bubble beyond
the size at which surface tension forces would

cause spontaneous collapse. The hypothesis

was tested by exposing subjects to a gas and

pressure profile simulating orbital work.

Thirty-two subjects of different ages and work

background, but all of whom passed USAF Class

III flying examinations, were put through several

simulated flight profiles (fig. 23). Subjects

began by breathing 100 percent oxygen through

an aviator's mask at ground pressures of 14.5
psi. This continued for 1.5 to 4 hours and was

followed by an "orbit phase" with decrease in

pressure (within 2.3 minutes) to 5 psi at 100

percent oxygen for 21/2 more hours. The pres-

sure was again decreased within 1.6 minutes to

3.5 psia. Immediately, three sets of five deep

knee bends and five pushups were performed at

5-minute intervals simulating execution of

"transfer phase" from ascent vehicle to labor-

atory. The third stage (lab stage) involved 4 to

12 hours of exposure to several gaseous environ-

ments: 1A at 5 psi (260 mm Hg) with Po_:PN_
=246 mm Hg: 1.9 mm Hg=95 : 1; 2A, 2B, and

2C at 7 psi (365 mm Hg) with po_ : PN_= 167 mm
Hg:183-+-3 mm Hg=46:50. The fractional

water plus carbon dioxide content was close to

0.04 and the temperature was 23 ° to 26 ° C. It

took 10 minutes to reach the new composition

from previous 100 percent oxygen. Subjects
spent their time in these simulated cabin environ-

ments at sedentary activity.

The last stage of each flight, "reconnaissance,"
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FIGURE 23.--Sequence of pressure stages in four

types of simulated [lights (solid llne, breathing

of pure 02 with the body exposed to air or

complete exposure to 95: I: ;02:N2; dashed llne,

complete exposure to 46:50::02:N2). (O:or-

bit; T= transfer; L=laboratory; R:reconnais-

sance.) (AFTER DEGNER ET AL. 136)

lasted 2 hours during which, over a period of

from 2 to 3 minutes, the pressure was reduced to

3.5 psia and the same exercises as in "transfer"

were performed at 15-minute intervals. Oxygen

masks were donned at the start of this stage and

used throughout the flight by groups 2A and 2B.
In flight 2C, following the 12 hours of "lab" and

for 0.5 hour before decreasing the pressure,
oxygen was breathed through a mask so as to

remove some of the reaccumulated nitrogen

before exercising at 3.5 psia. The only stage

of flight 1A during which oxygen masks were

used was in the first preoxygenation stage at
14.5 psia.

Blood samples for nitrogen determination were

taken from the antecubital vein without stasis
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andwithcareto avoidairbubbles. Decompres-
sionsicknesswasscoredaccordingto aformula
whichaddedthe productsof thegrade(1to 3)
of painmultipliedbytheduration(min)foreach
gradeanddividedthe sumby thetotalnumber
of minutesof exposure.For example,if there
wasnopainfor 4 minutes,grade1 painfor 2
minutes,andgrade2 painfor 3 minutes,and
grade3 painfor 1 minutefollowedby descent,
the scorewould be: (4x0)+(2xl)+(3X2)
+(1× 3)=11gradex minutes/10minutes=score
of 1.1.

Table22 indicatestheresultsof this compli-
catedstudywhichsimulatesascloselyaspos-
sible the operationalproblemof earlyorbital
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transfer. The authors summarize these results

as follows:

Almost 90 percent of the symptoms were referred to knee

or knee and ankle joints. Once pain was reported it generally

became more intense, remaining at the same locations and

reccurring during subsequent stages. Among the 31 sub-

jects of Flight 2A, the results of those suffering bends are

listed according to the flight stage then with reference to the

level of bends [table 22 columns and lines, respectively].

Although bends were not reported in the "laboratory" stage

of this flight, each of the eight men who suffered during

transfer had a higher level of bends while reconnoitering.

The other flights also had progressive increases in level of

bends. In order to show the average intensity and duration

of bends caused by each stage of a flight, it was decided to

remove from consideration those who reported bends in pre-

ceding stages. Thus, in the first stage of Flight 2A there were

TAB LE 22. -- Average Grade of Bends for Stages in 4 Types of Simulated Aerospace Flights
[AFTER DE(,NER ET AI,. 136]

Subject a
Orbit

16 ............ 1.22

24 ........................

12 ........................

9 ............. 0

8 ............. h.47

17 ........................

1............. 1.35

19 ............ 1.22

3 ............. 0

32 ............ 0

2 ............. 0

23 ........................

5 ............. 0

13 ........................

31 ........... 0

27 ........... 0

26 ............ 0

6 ............. 0

14 ........................

11 ............ 0

28 ............ 0

18 ............ 0

21 ............ 0

n ............. 22

_"............. 194
n'. ........... 22

X'. ............ 194

2.00

0

2.00

2.00

0

0

0

0

0

0

0

0

0

0

.77

0

21

•322

18

.043

Type 1A

Transfer Lab. [ Recon-

i

[ naissance

I
2.00 _' 2.04

........... i ..............

........... t ..............

o I o

........... I..............

:ilo; IiillliiilZi
2.00 I b 3.00

.11 I .75

0 .38

o I o
........... I- .............

.38 h2.14

0 I .98

0

.06

0

.15

0

0

0

21

.320

17

.041

.85

1.96

0

b 2.25

0

0

1.00

20

.768

13

.247

Orbit

0.41

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

31 '

•013 I
31

.013

a Subjects 4, 7, 10, 22, and 30 did not report bends at any

anti 2C only and never reported bends.

Grade 3 bends.

Type 2A

Transfer Lab.

1.00 0

.69 0

.61 0

.54 0

.46 0

.38 0

.15 0

.15 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

31 31

.128 .00

30 23

.099 .00

Type 2B

Recon- Recon.

lalssance nalssane¢

1.07 0.99

1.00 0

b 2.20 • .............

b2.07 0

2.00 ..............

Type 2C

Transfer Recon-
naissance

0 0

0 0

0 0

0 0

0 0

b2.15 ..........................................

2.00 b 1.68

1.00 0

1.90 1.00

1.53 0

1.12 0

1.07 .60

.97 0

.92 ..............

.90 0

.76 0

.75 0

.58 .71

.14 ..............

0 .............

0 .54

0 0

0 0

31 24

.778 .230

23 24

.463 .230

.31 b2.25

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

30 30

.010 .075

30 29

.010 .00

stage of the 4 flights; subjects 15, 20, 25, and 29 took flights 2A, 2B,
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31 men with a total bends level of only 0.41, entirely due to

subject 16. Deducting this subject leaves 30 men in the

next state, of whom seven reported a total grade of 2.98 for

an average bends level of 0.0993. The numbers and con-

ditional means listed in the final two lines [table 22[ were

obtained by this method of elimination, permitting comparison

of effects of different flight stages.

The first "orbiting" stage of 1A showed a higher level of

bends than that of 2A. Aside from loss of indicated subjects

by a single refusal and by departure from this station the only

difference was that in la for this stage onward the flight was

in "shirtsleeves," thus permitting more freedom of movement

than in 2A where 02 masks were used except in the "labora-

tory." An important difference between the two flights was

the protective effect of the 7 psia as opposed to the 5 psia

pressure. On the other hand, during reconnaissance only

four new cases appeared in la as compared with 11 new cases

in 2A. Longer prebreathing of Oz was beneficial, since bends

were not reported in the first three orbiting stages of 2B and

only appeared in the final stage. Removal from considera-

tion of subject 1 for preceding bends showed that one-half

hour's prebreathing of Oz at the end of the laboratory stage

prevented bends even during reconnaissance in 2C.

In general, results could be predicted from the

discussion of previous experiments. Whenever

other considerations were equal, the frequency
and level of bends seemed to be correlated with

the expected level of residual nitrogen in the

tissues and with the degree of exercise. Meas-
uring the PN2 in the blood at various times and
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course, expect some correlation between the blood

pN= level, the average residual tissue PN2 level, and
the incidence of symptoms. It must be remem-

bered, however, that the pN= in antecubital"

venous blood is a poor measure of residual pN_

in the critical, slowly desaturating tissues where

bends pains are probably occurring.

In another approach to the analysis, these in-

vestigators attempted to correlate the symptom

score from the critical volume of blood required

to contain the threshold number of molecules

for maintenance of bubble stability. This was

calculated by the Piccard equations (ch. 2, first

section). Figure 25 indicates the hyperbolic
relationship between critical volume and bends

level. It can be seen that above the range 2000

to 4000 /x 3 of critical volume (as predicted by
Piccard for altitude decompression,S% there was

a constant minimal incidence of bends. Below

this critical volume, there was a progressive

increase in bends score. These results do not

necessarily indicate that bubbles of bends orig-

inate in the blood nor do they indicate the validity

of Piccard's hypothesis. It is probable that this

threshold represents only a second-order correla-

tion between blood pN, and tissue pN,. From the

applying the appropriate decay equations for

nitrogen, the curves of ,nitrogen depletion and

reaccumulation in the blood were drawn (fig. 24) z.6

as a basis for bends prediction. One would, of
E2

10 / i I I I I I "_

' ! 1.8
- sl

i I|U "Pure" 0, ! Approx. 46% 0,, 50=/0N, i

5 P - _5 mm "E=

' I 1.041--I , ,

z ,, i .6
1

=

Time,hr - .=' =' -- , • , , , e , _=

FIGURE 24.--Ellmination and accumulatlon of 1_000 2_000

dissolved nitrogen in antecubltal venous blood Volume,.,

of men while breathln_ dil_erent partial pres- FIGURE 25.--Relatlonship between level of bends

sures of oxygen and nltro_en. (AFTER DEGNER and the volume of blood required to form a

ET AL. IB6) nitrol_en seed bubble. (AFTER DEGNER ET AL. 136)
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discussion in Chapter 2, first and second sections,

it would appear that the blood pN2 would be a

valid measure of bends tendency either in the

steady state or in the transient state when only

the slowly exchanging tissues are contributing

significantly to the nitrogen gas of the venous

blood. During transient periods of less than 2

hours following marked change in p_, of the

inspired gas, the measure of blood PN, may lead

to erroneous predictions regarding bends

tendency.

In flight 1A, exposure to orbital altitude of

5 psi (27 000 ft) and "transfer" altitude of 3.5

psi (35 400 ft) occurred before adequate denitro-

genation was available. The high incidence of

severe bends during subsequent decompression

of the "reconnaissance" phase of the mission

7 hours later was no doubt associated with both

"silent" and not-so-silent bubbles formed pre-
viously. The recommendations regarding de-

nitrogenation schedules appear valid even though

justification of the physical basis for the rec-

ommendations appears weak. A review of the

previous discussion would suggest that a min-

imum of 2 hours preoxygenation should precede

decompression to 5 psi associated with moderate

activity. From curve (Ba) of figure 18 it would

seem that at least 4 hours of preoxygenation at
sea level or 3 hours at sea level and several hours

at 7 psi with 50 percent nitrogen or 5 psi with 30

percent nitrogen should precede exposure to

moderate exercise i.n a suit at 3.5 psi. This

would probably reduce to less than about 5

percent the expected incidence of bends in a

well-conditioned astronaut population. Such a

prediction, extrapolated from indirect data, cer-

tainly requires empirical confirmation.

Is there a limit to denitrogenation procedures,

and can the last 5 percent of symptoms be elim-

inated in exercising individuals? As was sug-

gested in the discussion of preoxygenation, there

is a limit above 38 000 feet in rapid denitrogenat-

ors (table 18). Heavy exercise, at a time when

the effective tissue nitrogen has already been
drastically reduced, could lead to bubbles with

greater percentage of carbon dioxide and oxygen
than of nitrogen. Such a bubble could be re-

sponsible for the last few percent of symptoms

with exercise at high altitudes and would be

resistant to prolonged denitrogcnation proce-

dures. The phenomenon is not very evident at

35 000 feet with exercise even in the rapid de-

nitrogenators. Somewhere in the range of 35 000
to 38 000 feet there is a threshold for this effect.

Will equilibration with 100 percent oxygen at

a pressure of 5 psi used in Gemini and Apollo

programs give 100 percent protection against

bends in subjects exercising heavily in the alti-

tude range of 35 000 to 38 000 feet? There ap-

pears little direct evidence to this point. Equi-

libration with 100 percent oxygen at 5 psi followed

by decompression has not been studied enough

to answer this question.

Can helium eliminate the last 5 percent of

symptoms when substituted for nitrogen in a

50-50 mixture at 7 psi? The limited empirical

data presented in the previous section on alti-

tude decompression after helium-oxygen expo-
sure with near saturation led to the conclusion

that there would be little reduction in bends in-

cidence by substitution of helium for nitrogen.

There may even be a higher level of resid-

ual symptoms, a0 Person-to-person variability

in diving operations is greater with helium

than with nitrogen. This in itself would tend to

increase the potential for unusual bends sensi-

tivity in any relatively uniform population.

Analysis of bubble theory (table 9) and Navy

diving experience suggests that there may be a

slight reduction in the more serious neurocir-

culatory sequelae-with helium or neon. Evi-

dence on this point is equivocal. The expected

incidence of these serious sequelae appears to

be so low after equilibration at reduced partial

pressure of nitrogen at 7 psi that further reduc-

tion by other gases may be of only academic
interest.

What do the semiempirical approaches have

to offer in predicting the incidence of bends after

helium? From the Bateman equation (28), it

would appear at first glance that helium may

reduce the X-factor quite considerably. The

range of time constants used by Bateman to

represent the critical denitrogenation process
was 1.0 and 0.2 hours-'. These single con-

stants were arrived at by examination of deni-

trogenation data which indicated that some per-

sons are protected from decompression sickness
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by inhalation of oxygen for 30 minutes or less

and others by 2V2 hours or more. These were

not the extremes, but they encompassed the

majority of cases. Comparable figures for he-
lium are not available. In the second section of

chapter 2, half times of the several exchange

components in the body were compared for

helium and nitrogen. Whereas the half time of

more than 50 percent of the stored nitrogen is

more than 147 minutes, the half time for the

slower half of the stored helium is only about 50
minutes in some studies and around 100 minutes

in others. MomsenalT used 60 minutes as the

critical half time in setting up helium diving

tables, but this was not adequate for long, deep

dives. Stubbs 415 suggested that for his com-

puter program a value of 100 to 260 minutes

should be used for the effective half time of

helium desaturation in the slower tissues. It is,

therefore, uncertain as to which range of half

times should be used in the Bateman equation
for helium.

In addition to this uncertainty regarding crit-

ical time constant for helium, it also appears
that the altered bubble peak factors of helium

(table 9) would change the other empirical con-

stants in the Bateman equation. These con-

stants, it appears, take into account the relation

between desaturation rates, local supersatura-

tion ratios, and bubble growth factors' for nitro-

gen. There has been no test of a helium equation

against empirical data. This is necessary for

alteration of the constants. At this point it

must be said that any attempt to extrapolate the
Bateman equation to helium would be unwar-

ranted. The Piccardian approach of Degner

et al.13e also offers no clear answer to this prob-
lem. The empirical data of Beard et al. 3° will

have to stand alone until further confirmation is

available from both theoretical and empirical

studies. These cover only the transient state.

As for neon, absence of definitive physiological

data precludes an adequate extrapolation from

any desaturation scheme for nitrogen or helium.

The findings of Jones, 249which indicate that only

perfusion factors and tissue-blood solubility

ratios limit inert gas exchange, do not help in this

extrapolation since the coupling of solubilities

and perfusion for neon are not known. Physio-

DECOMPRESSION SICKNESS 7].

logical studies on neon are certainly in order,

especially in view of the recent success in pre-

liminary studies of this gas by the Royal Navy. 54

There are several aspects of experimental de-

sign which warrant comment as an epilogue to this"
discussion. The first is the choice of exercise

regimen to be used in evaluation of cabin atmos-

pheres. The second is the evaluation of the level

below symptom threshold at which asymptomatic

subjects find themselves after an experimental

decompression.

As noted in figure 19, and throughout this sec-

tion, exercise level has a profound effect on inci-

dence bends symptoms and probably to a lesser

degree on chokes and neurocirculatory symp-

toms. Therefore, the design of the provocative

aspects of the tests must simulate as closely as

possible the operational exercise levels in differ-

ent phases of each space mission. Piloting the

craft presents no problem. Extravehicular op-

erations, however, should be simulated using arm

and leg motions tha t are as close to the opera-

tional situation as possible. Deep knee bends or

step-ups will probably exaggerate the incidence

of leg symptoms expected in even the most severe

orbital maintenance tasks. Locomotion or work

in space suits should be used whenever possible

to simulate tasks in orbit or on a planetary sur-

face. The incidence of specific symptoms after

various preoxygenation and altitude equilibra-

tion regimens is an important factor in evaluation

of the mission hazard index. Standard exercises

such as stepups, ldeep knee bends, and weight

lifting may be adequate for a rough evaluation of

atmosphere selection criteria, but could give a

false picture of the specific operational hazards

which may be encountered by the astronaut popu-
lation in various space tasks. Individual idio-

syncrasies in symptom patterns may require
testing of specific astronauts when unusual work

regimens are needed in preparation for hazardous

or emergency operations where adequate denitro-

genation procedures cannot be employed.

Detection of subclinical bubbles in asympto-

matic subjects after decompression has been a

goal long sought by investigators in this area.

Diving technology has used secondary altitude

decompressions to elicit symptoms from "silent

bubbles" present at sea level after ascent. TM A
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reasonablesubstitutehasnotbeenavailablefor
primaryaltitudedecompression.It may well
beworthwhileto considertheuseof ultrasound
asa methodof bubbledetection.Theacoustic
physicsof bubbleshasbeenatopicofinterestto
workersin thefieldofcavitation,hydrodynamics,
and acoustics.94,313,424Recently,a practical
ultrasonicbubbledetectorhasbeendeveloped
fordetectionofbubblesinstudiesofbiphasicflow
and cavitationYj_ Such a device could be
adaptedto studyof "silent bubbles"in decom-
pressionsickness.MacKay_7_,P.4_hasrecently
mentionedhis experiencewith ultrasoundde-
vices in detectionof bubbles.A pulsed15-
megacycle(100g) echo-exploringdevicewas
employedto detectbubbles"an appreciable
fraction"of the 100-/xwavelengthin diameter.
Soundintensitiesof 0.001watt/cm2wereused.
Stubbs415 has reported the preliminary use of

ultrasound in detecting silent bubbles for evalua-

tion of the effectiveness of his analog diving com-

puter. This technique may be of value in the

study of the kinetics of bubble formation in vitro

and in vivo. When properly calibrated, it could

possibly be used to define at any body site the

local physical conditions necessary for bubble

formation. Knowledge of this fact would greatly

enhance our understanding of the decompression

process and lead to a more effective calibration

of computer devices for generating decompres-
sion curves and hazard indices.

PHYSIOLOGICAL FACTORS OF INERT GASES

pounds the problem of low-ahitude decompres-

sion by presenting the vaporization of body fluids

as an added factor. In this section, explosive

decompression and ebullism are examined for

inert-gas dependence.

"Explosive" Decompression

In addition to the external trauma which may

occur following perforation of a space suit or in

the vicinity of a cabin puncture, there is the

possibility of serious internal injury. In general,

the critical limiting factor in human tolerance to

"explosive" decompression is the physical dam-

age that may occur in the lungs. The theoretical

analyses of Fliegner, _73 and, more recently, of

Haber and Clamann 2_o and Luft, 29_ indicate that

the mechanical effects upon the body are depend-

ent upon the change in absolute pressure, the

ratio of initial pressure to final pressure, and the

rate of decompression. The pressure transients

during the event can be defined in terms of two

principal determinants, the time characteristic

tc and a pressure factor P,. The time charac-

teristic has the general form

ANALYSIS OF INERT GASES IN "EXPLOSIVE"

DECOMPRESSION AND IN THE EBULLISM SYN-

DROME

In the previous sections of this chapter, no

mention was made of two conditions that may

modify the analysis of inert gas factors. "Explo-

sive" decompression to altitude adds the potential

for new inert-gas factors associated with sudden

overdistension and disruption of the lungs. The

inert-gas effects of exposure to very high altitudes

must also be considered. Current space-suit

concepts suggest that a fully operative suit will

now allow exposure of an astronaut to effective

altitudes above 40 000 feet. The analysis in the

first section of this chapter is probably valid up

to altitudes of 60 000 feet. Even gradual ascent

to altitudes above approximately 60 000 feet com_-

Y
tc = A--C (29)

where

P" volume of pressure vessel

A effective aerodynamic orifice

C velocity of sound

This relationship is plotted in figure 26.

A more rigorous analysis of this relationship

has been recently presented by Mavriplis. 31° If

¢6
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FIGURE 26.--Time characteristlcs of decornpres-

slng l_resaure vessel. (AFTER LUFT AND BANCROFT. 202)
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the critical ratio of about 2 to 1 is exceeded, the

escape flow will be constant at the speed of sound

regardless of pressure head. The term "explo-

sive" decompression, although common in the

literature, is, therefore, a misnomer in conditions

o1" cabin decompression. "Rapid" decompres-

sion would be more physically correct, though

less onomatopoetic.

Under conditions of polytropic flow, the pres-

sure factor P, is a function of the initial pressure

P_ and the final pressure PI in the vessel as
follows:

PI = \---_--/ (30)

Figure 27 represents this relationship. The total

decompression time or duration of transient td

is the product of the time characteristic of the

system tc defined by equation (29), and the pres-
sure factor P1

ta :tcP, (31)

In decompression to space conditions, the very

low final pressure prolongs the duration of decom-

pression because of the slow process of terminal

equilibration. Under these circumstances, the

initial part of the transient provides a more mean-
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ingful period than the total duration. For the

initial period, the constant rate time tcr can be

calculated from the pressure factor P3 which may

be read from the curve on figure 27. For the

appropriate decompression ratio

tcr = tcP3 (32)

As demonstrated by Luft and coworkers, 29', 292,293

if the time characteristic of the human lung and

airway is greater than the time characteristic of

the pressure suit or cabin in which an individual

is confined during the decompression, a transient

differential pressure will build up between the

lungs and ambient atmosphere. This is illus-

trated diagramatically in figure 28.

It has been shown by Adams and Polak ' that

dog lungs may become disrupted by pressure dif-

ferentials of over 80 mm Hg. Under some con-

ditions even lower pressures are required. 35z

Henry feels that the threshold for humans is only

50 mm Hg. 226 If this pressure differential is

exceeded during decompression, the lungs may

be damaged. The dashed line in figure 26 repre-

sents the time characteristic of the human lung

with open glottis on a background of the general

volume-to-orifice relationship. Since the volume

400
I I I I

3

_2

a_ 1

• I I I I _1 _t

I I I I I I I

.2 .4 .6 .8 1.0

Fractional pressure differential P -P, /P

FIGURE 27.--The pressure factor P] for the total

time of decompression and P3 for the "'con-

stant rate time," as derived from the pressure

ratio (Pi--P_)/Pi- (REDRAWN AFTER HABER AND

CLAMANN. 210)
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FIGURE 28.--Time characterlstJcs of overpressure

in the limbs. (AFTER WEBB. 445) (MODIFIED FROM

LUFT. _91)
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of the lungs varies with respiration, it is obvious
that the time characteristic of the lungs may also

vary, depending on the phase of expiration. The

pressure differential across a lung and degree

of hazard would, therefore, be maximal with a

narrow glottis in full inspiration. Many of these

relationships have been recently reviewed in

great detail by Luft. zg°

One aspect of this discussion is pertinent to

the present problem. That is the critical VIA
ratio of the cabin relative to that of the human

respiratory tract required for injury or death.

PHYSIOLOGICAL FACTORS OF INERT GASES

Little information is available from human

studies. The results of animal studies are re-

corded in table 23 compiled by Luft. 29° The

maximal VIA ratios of the cabins that produced

death were around 3 m3/m 2. Ratios for LDs0

were about 1.2 m3/m 2; and for LDloo, 0.12 m3/m 2

The VIA ratio for human pulmonary tree calcu-

lated by Luft and Bancroft 292 from intrathoracic

pressure transients is 180 m3/m z. For dogs,

Violette 4a6 gives a value of 100. This indicates

that the dogs may tolerate somewhat lower VIA
cabin ratios than humans. However, this dif-

Reference

Corey 121 ......

Eggleton 155..

Eggleton 15s ..

Kolder 267......

Kolder zs7......

Kolder 287......

Stickney 41a ..,

Kolder 267......

TABLE 23.--Mortality in Relation to Decompression Time in Experimental Animals

Species

Rat.., .........

Rabbit ......

Rat ............

Rat ............

[AFTER LUFT 29o]

Decompression

Initial pressure,
Pt, mm Hg

76O

76O

76O

735

735

735

738

735

Final pressure,
PI, mm Hg

P,-PI
mm Hg

21 739

122 638

122 638

73 662

73 662

73 662

32 706

73 662

Rat ............

Rat ............

Rat ............

Rat ............

mm H lDec°mpres"

glsion time, sec VIA, malta 2Pt/PI'

36.2 I 0.630 36.2

6.2[ .200 18.0

6.2[ .200 18.0

10.0 I .180 15.0

1o.oI .041 3.3

10.0[ .015 1.2

23._] .019 1.14
10.0 .0014 .12

Mortality,

percent

10

50

50

100

All experiments are comparable in the range of decompression from approximately 1 atmosphere to less than 0.2 atmosphere.

ference may well be due to the different experi-

mental techniques used to obtain the values.

From figure 26 it can be seen that a cabin time

characteristic tc of about 4.0 milliseconds would

be required for an LDs0 exposure. Translated

into current space cabins, this would suggest that

in a 50-ft a cabin of the Project Mercury type, a

wall hole in excess of 1.0 ft 2 would have been

required to kill an astronaut with open glottis by

"explosive" decompression.

Experience with human exposure to decom-

pression at high cabin VIA ratios is very limited.

Most deaths have occurred in subjects with path-

ology such as blebs which decrease the overpres-

sure tolerance of the lungs, and with closed glottis

during the exposure. Well-documented, danger-

zone decompressions with open glottis have been
limited to those recorded in table 24. It can be

seen that only the first exposure of Sweeney 4ts
would have had a cabin VIA ratio (1 m a/m 2) well

within the expected lethal range. Luft 29o has

calculated for these experiences the overpres-

sures to be expected in the lung for closed air-

ways at midrespiratory volume. Even under

these conditions, the pressure ratio PdPs would
have been small enough in the first ease with low

VIA ratio to have prevented the critical overpres-

sure of 80 mm Hg from being reached.

What are the gas-dependent factors that deter-
mine the medical hazard of "explosive" decom-

pression? There appear to be two major factors:

hemorrhage from the disrupted lung; and intro-
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TABLE 24.- Rapid Decompression Tolerated by Man

[AFTER LUFT 291]

Reference n Altitude, ft

Sweeney 418... 10 27 000 to 45 000

Sweeney 41s... 15 8 000 to 95 000

I)_ring 141...... 13 9 800 to 49 100

I
Initial pressure

in cabin, Pi,

mm Hg

253

565

526

Final pressure,

Pf,
mm Hg

112

179

9O

P_ -- i°s, Time,
mm Hg Pi/P[ sec

141 2.23 0.005

386 3.16 .090

436 5.83 .230

75

_DL,

V/A, mS/m 2 mm Hg a

1.0 48

13.4 153

23.0 220

a APL is the overpressure which would occur in the lungs if the airways were closed at midlung volume; critical pressure is
80 mm Hg.

duction of gas emboli into the venous side of the

pulmonary circulation with subsequent infarction

of critical sites in the systemic circulation. It

appears that an inert-gas factor would play a role

at two points in the overall sequence of events.

The inert gas may determine the flow character-

istics of gas through the pulmonary tree or the
glottic orifice as well as determine the size char-

acteristic of the gas bubbles being sent to the

peripheral systemic circulation.

Gas-Dependent Factors in Lung Expansion During

"'Explosive" Decompression

The flow of gas through the respiratory tree,

as mentioned above, is a critical factor in lung

damage during "explosive" decompression. A

rigid analysis of the flow factor has been per-
formed by Bowen et al. n in their mathematical

model of the fluid-mechanical response of the

thoracoabdominal system to blast overpressure

and "explosive" decompression. An analysis

of the gas-dependent factors in their model leads

to the conclusion that the rate of pressure change

in the lung with respect to ambient ('-_-. / is a
\at/ t=0

function of the product of the reciprocal of the

square root of the average molecular weight of

the gas M and a gas-flow factor involving the spe-

cific heat ratio T. This relationship is shown in

the following equation

(_-_-)t= 0 1 (33)

The lower the rate of pressure change in the lung

with respect to ambient, the more dangerous is

the atmosphere. This same relationship would

define the hazard from external blast overpres-

sure. For isothermal processes, the value of

T= 1 can be used. For adiabatic processes the

values of T are obtained from the Cv/Cv ratio of

table 1. As discussed in chapter 1, the value for

the inert gases lies in the 1.67 range, except

nitrogen at 1.4. The value of oxygen is 1.4.

It is still not absolutely clear whether adiabatic

or isothermal processes predominate in the lung

in "explosive" decompression or blast overpres-

sure. The rapidity of the process suggests adia-

batic conditions. It must be remembered, how-

ever, that the alveoli of the lung present a large

surface for heat exchange and high humidity.
This would allow for rapid condensation of water

vapor to counteract the adiabatic cooling. Hitch-

cock 235 has measured the temperature change

in the lung during "explosive" decompression

and found it to be minimal. Sensor lag obviously
complicates the measurement to an unknown

degree. The lung model of Bowen et al.71 used a

value of T-- 1.2 for air as a polytropic compromise

in an unknown situation. It is felt, by this group,

however, that the isothermal process probably
predominates._72

In the analysis of the space-cabin situation,

calculations are presented for the currently pro-

posed environment of 50 percent inert gas and

50 percent oxygen. Both the isothermal and 50

percent isothermal-50 percent adiabatic specific

heat ratios are presented in table 25. For the

isothermal condition, 3'= 1. Table 25 represents
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TABLE 25.--Relative "Explosive" Decompression and Blast Overpressure Hazards From Atmospheres
at 7 psia With 50 Percent Inert Gas and 50 Percent Oxygen

Factor

1/M1/2 ............................................................................

T(50 percent adiabatic)......................................................

dP
Isothermal expansion (_/= 1) (_tt)t =.° ..................................

Relative hazard index (N2-O_ = 1) .........................................

Polytropic _xpansion (50 percent adiabatic) -_t t=0 ...............

Relative hazard index (N2-O2 = 1) .........................................

He.O2

0.34

1.25

Gas mixture in cabin

Ne-O2 A-O2 Kr-O2 Xe-O_ NvO2 02

0.20 0.17 0.15 0.13 0.18 0.18

1.25 1.25 1.25 1.25 1.20 1.20

.34 .20 .17 .15 .13 .18 .18

.53 .90 1.1 1.2 1.4 1.0 1.0

.26 .15 .13 .11 .10 .13 .1_

.50 .87 1.0 1.2 1.3 1.0 1.0

of (dP_
the calculations \-'_/t: 0 for these gas mixtures

and the relative hazard index with nitrogen-

oxygen= 1. The relative hazard index is calcu-

(dP) factor.lated from the reciprocal of the -_- t=o

The nitrogen-oxygen and the 100-percent oxygen

(7 psi) atmospheres would have the same degree
of hazard.

It can be seen that the major gas factor is

1/M 1/2. The thermodynamic nature of the expan-
sion has little effect on the relative hazard of the

inert gas. Helium-oxygen appears to be about

0.5 as hazardous as nitrogen-oxygen or 100 per-

cent oxygen; neon-oxygen appears to be about 0.9

times as hazardous. The relative degree of

hazard then increases with increasing molecular

weight for the other gases. It should be pointed
out that these are the maximum differences

expected.
Most second-order factors would probably tend

to decrease the relative molecular-weight depend-

ence. For example, the rate of gas escaping

from the cabin is also dependent upon molecular

weight. However, when one reviews the cabin

VIA ratios required for lethality in animals, it is

evident that the cabin pressure will have essen-

tially reached ambient well before the flow of gas

out of the respiratory tree has ceased. Any over-

lap of these flows would reduce the dependence

upon molecular weight. Therefore, a prediction

would be made that the smaller the cabin hole,

the less gas dependent is the decompression
hazard.

One must also keep in mind that the huge cabin

hole required to kill a crewman by "explosive"

decompression will probably involve enough

external trauma to the crew in present-day cabins

to render lung damage of secondary importance.

Blast overpressures caused by meteoroid pene-

tration, military action, or internal explosions are

still problems which, although probably rare, are

within the considerations presented above, aT°

The weighting of this factor in evaluation of the

overall gas-dependent hazard must, however, be

kept in the proper perspective.

The only animal studies that bear on the effect

of specific gases on the lethality of "explosive"

decompression were presented by Witherspoon

et al.456 The presence of an 80 percent helium

and 20 percent oxygen environment had the same

effect as air on the lethality to mice undergoing

"rapid decompression." Unfortunately, neither

the time of decompression to 35 000 feet, nor the

VIA ratio of the pressure vessel was noted.

Little can, therefore, be concluded about the

absence of the protective effect of helium in

potentially lethal exposures.

Gas-Dependent Factors in Gas Emboli After Lung

Disruption

Both "explosive" decompression and air blast

can introduce ambient gas into the lungs. 1ss'236'

370,a9v,450 These bubbles pass to the systemic

circulation and lodge in the arterial tree. It does

not seem likely that the passage of a bubble

through a tear in the wall of pulmonary veins is
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directly related to the gaseous composition of the

bubble. However, the dynamics of the bubble

at its terminal site appears from the discussion

in the first section of this chapter to be gas

dependent. One might predict that the duration

of effective embolization and infarction is some-

what related to the total pathology produced.

The longer a bubble retains its size, the more

severe the medical hazard. What gas-dependent

factors are actually involved?

When a bubble lodges in an artery, it may block
the flow to a variable degree. In a nonbranched
site the bubble probably blocks the flow com-
pletely. The rate of decay of this type of bubble
is probably perfusion limited. The rate of decay
will not depend on the gas composition but on

the amount of blood passing the bubble surface.

If a bubble lodges at a branching point, it may

well have up to one-half of its surface exposed

to the blood passing into the unblocked channel

of the bifurcation. There is a distinct possibility

that the rate of bubble decay is related to the

permeation coefficient of the gas in blood. Sur-

face tension will supply the driving force. The

bubble would follow the decay dynamics out-

lined by Epstein and Plesset159 and discussed

in the first section of this chapter. One would,
therefore, expect that the O_btoodDbtood factor

suggested in the discussion of the case 3 bubble

in the first section of this chapter would deter-

mine the rate of bubble collapse in diffusion-

limited sites. The relative bubble factor for inert

gases is presented as phase 1 in case 2 of table 9.

In the present situation, however, the lower is

the value for ab_oodDb_ood, the greater the hazard.

It would thus appear that neon should cause

the bubble to linger the longest, with decreasing

durations expected with nitrogen, helium, argon,

krypton, and xenon. The empirical data on the

relative hazard of intravenous injection of differ-

ent gas mixtures 2oo are not valid in the present

context where arterial embolization is at question.

Of course, 100 percent oxygen with its great

solubility in blood would be the most advanta-

geous gas to be breathing at the time of emboliza-

tion. a53 Again, it must be stated that the expected

low frequency of dangerous "explosive" decom-

pression or blast hazard in a space vehicle would

cause this factor to have a low weight in the over-

all evaluation of gas-dependent hazards.

77

Ebullism Syndrome

Exposure to altitude where the total ambient

pressure approaches the effective vapor pressure

of fluids at body temperature gives rise to the

profuse evaporation associated with the forma-

tion of vapor bubbles in tissues, blood vessels,

and body cavities. In his excellent theoretical

analysis of this phenomenon, Ward 442,443pointed

out the physicochemical considerations which

define the site and nature of vapor bubbles

throughout the body. Ward recommended that

the syndrome be named "ebullism," and this

name has been accepted by the scientific

community.

The interesting history of the syndrome has

been reviewed by Wilson. 454 The presence of

vapor bubbles in animals exposed to low pres-

sures was first pointed out by the early experi-

ments with Torricelli tubes, von Guericke vacuum

hemispheres, and Boyle pumps. Van Muss-

chenbroek was the first to point out tissue swell-

ing. 324 This phenomenon was repeatedly re-

ported by Bert and other investigators, but was

not carefully studied until 1936 when Armstrong 12

attempted to analyze the nature of the intra-

vascular bubbles forming at 58 000 feet. These

animal studies have been followed up by many in-

vestigators. The excellent dog series by
Hitchcock and his coworkers have been well

reviewed and summarized, 236 and reviews of

Soviet studies have also been presentedY 21,39T

The first reported case of swelling of the

human hand after 9 minutes at 58 000 feet was

given by Henry et al. 227 in 1944. These findings

have been repeated many times. The excellent

study of this phenomenon by Wilson 454 reviews

these human exposures and adds some plethys-

mographic data on deliberate exposure of hands

to 3 to 20 mm Hg. The data of the Russians,

summarized by Ivanov et al.,244 agree in general

with these findings.

An exhaustive review of the experimental

data on ebullism is quite beyond the scope of

this report. It would be appropriate, however,

to review the general aspects of the syndrome.

At altitudes as low as 43 500 feet during vigorous

inspiration or "negative valsalva maneuvers,"

evidence of transient interpleural vaporization

can be shown by X-ray and at 61000 feet (50
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mm Hg), vapor may form at this site during nor-

mal inspiration. As pointed out by Ward, 442'44s
body fluids begin vaporization at 63000 feet.

Selection of the site is determined by such local

factors as temperature, hydrostatic pressure,

tissue elasticity, solute concentration (Clausius-

Clapeyron factors), and the presence of gas

nuclei. As would be expected from these con-

siderations, the large venous channels at the

center of the body temperature core are sites

of early bubble formation resulting in vapor

lock of the heart. Vapor pockets forming in
the loose subcutaneous tissue are often seen, as

are vapor bubbles, on the aqueous humor of the

eye and in the brain.

The survival and functional capabilities of

animals exposed to altitudes above 100 000 feet

(8 mm Hg) are currently being studied in great

detail. Clamann 98 has reported that decompres-

sions up to 130 000 feet (2 mm Hg) result in vio-

lent evolution of water vapor with swelling of

the whole body in dogs. Preliminary results

indicate that in 36 dogs, some kept as long as

90 seconds at 2 mm Hg, not a single fatality

was observed. The animals were unconscious,

gasping, and had bradycardias down to 10 beats/

min from the normal rate of 159 beats/min, prob-

ably a vagal response to distortion of the media-

stinal structures. 47' Most also had paralysis of

hind limbs, yet after 10 to 15 minutes at sea level

they walked about normally. No permanent

pathological lesions were seen on subsequent

autopsy.

Many of the dogs reported decompressed by

Clamann were included in the report of Dunn

et al. 149 The results were summarized by

Koestler et al. 266 as follows: 125 dogs were de-

compressed at pressure levels of 2 mm Hg and

less; 92 dogs were autopsied within 30 minutes,

3 to 5 days, and 1 to 3 weeks after the rapid

decompression (RD). The major findings were
summarized:

The most interesting finding was the absence of major

pathological damage except in the lungs unless the exposure

time exceeded 120 seconds. By varying the exposure time

and the time of decompression (altitude of less than 2 mm Hg),

it was possible to separate the pathological effect of anoxia

versus time of decompression. In all dogs the severity of

lung damage increased with the duration of the anoxic ex-

posure. In groups with comparable exposure times, the

dogs decompressed in 1 second exhibited pulmonary conges-

tion, edema, and hemorrhage, while those decompressed in

0.2 second showed predominantly more petechial hemor-

rhage, and emphysematous changes. Denitrogenation ap-

peared to reduce the incidents of severity of lung dam-

age .... Animals autopsied at later dates showed evidence

of all lesions, especially in the lungs. For the exposures of

more than 120 seconds, gross examinations of the brain and

other organs showed increasing amounts of congestion and

hemorrhage.

Squirrel monkeys trained in a specific behavioral

task known as "learning set" have recently been

decompressed to 130000 feet (2 mm Hg) for in-

tervals up to 90 seconds and retested 1 week

and again 2 months after exposure. 372 Of the

20 animals decompressed, there were 2 fatalities.

One that had been exposed for 11 seconds and

had subsequently died was still alive at 4 min-

utes after recompression, but no attempt was

made at resuscitation. An autopsy showed

atelectasis and possibly a visceral tear with
hemorrhage. An autopsy of an animal that died

after exposure for 90 seconds revealed no air

in the subpleural cavity (during underwater

examination in water), but showed basilar pul-

monary atelectasis with subpleural petechial

hemorrhage. Many of the survivors of 90 sec-

onds of exposure showed various defects in

locomotion, hearing, vision, and food retrieval,

and lost more weight than the other groups. Of

interest, however, is the fact that among the

survivors there was no loss of proficiency in

learning set.

Koestler et al. 26s have very recently coln-

pleted the first phase of decompression studies

on trained chimpanzees under sponsorship of
NASA. The results have been summarized as

follows:

Eight chimpanzees, used in nine separate tests, were de-

compressed from 179 mm Hg (breathing 100 percent 02) to

less than 2 mm Hg in 0.8 second and remained at this alti-

tude from 5 to 150 seconds. After recompression to 179

mm Hg (again breathing 100 percent 02), the subjects were

kept at this altitude for 24 hours. Performance by all animals,

on a complex operant schedule presented during and fi_llow-

ing rapid decompression, reached a baseline level of per-

formance within a 4-hour post-decompression period. No

central nervous system damage (as measured by perform-

ance) could be detected and all subjects survived in good

health.

Perhaps the most important result of this series of tests

ts that all subjects survived the experimental conditi_ms.

The fact that the animals were capable of performing a com-

plex task and achieving a level of perfi_rmance equal t4J or

superior to their preexposure performance pr_vides clear-cut
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evidence of a functional capability not previously anticipated.

The best and most cautious generalization that can be made

at this time from the experimental findings is that the chim-

panzee can survive, without apparent central nervous system

damage (as measured by performance), the effects of decom-

pression to a near vacuum up to 2.5 minutes and return within

approximately 4 hours to baseline levels of functioning.

Further research, in which the replication of longer duration

exposures (90, 120, 150 seconds) is accomplished (perhaps

with several different primate species), should determine

the reliability of these findings and suggest the degree to

which subhuman results may realistically be extrapolated to
man.

It should be remembered, however, that because

of the great species specificity of critical sites

and times of onset, restraint should be used in

extrapolation of these data to humans. 243

What is the major cause of death during de-

compression to ebullism altitudes? From the

animal studies it can be inferred that cardio-

vascular collapse will be most precipitous. After

exposure to subebullism altitudes, there is a dra-

matic fall in blood pressure followed by rebound

with subsequent anoxic failure. At ebullism

altitudes, one can expect vapor lock of the heart

to result in complete cardiac standstill after 10

to 15 seconds, with increasing lethality for ex-

posures of more than 90 seconds. 237 Vapor
pockets have been seen in the heart of animals

as soon as 1 second after decompression to 3
mm Hg. 243

What is the role of the inert gases in vapor

bubble formation of ebullism? Henry zzr sug-

gested that the subcutaneous swelling he ob-

served in the hand was probably initiated by a

small nucleus of gas produced by the decom-

pression. Armstrong 'l, _2 actually measured

the composition of gas bubbles in the blood of
goats after a 4-minute climb to a simulated

altitude of 50000 feet. Table 26 indicates his

findings. From the altitude involved, it is not

clear whether these findings represent the

TABLE 26.-Comt)osition of Intravascular Gas
Bubbles at 50 000 Feet

[AFTER ARMSTRONG 11]

Location [ Composition, percent

I I l N2IT°tal
Jugular vein ............... _ 6.7 I 28.3 I 65.0 I 11210.0

Rigbtve,tricle............i I 2 .3I 60.3I 1®.0
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composition of inert gas in vapor bubbles
or the composition of gas bubbles expected to be

produced at subebullism altitudes.

Because the decrease in subcutaneous pocket

volume is much slower on recompression than

is the expansion upon decompression, Hitchcock

and coworkers suggested that air must enter the

pockets. 237 Kemph et al. _57 analyzed the gas
pockets in the subcutaneous compartments of

dogs during "explosive" decompression to 30

mm Hg. The internal pressures measured by

strain gages rose to about 20 mm Hg above
ambient and then increased to 26 mm Hg above

ambient. The absolute pressure measured by

mercury manometers reached 67 mm Hg. Analy-

sis of gas within subcutaneous compartments of

dogs is recorded as indicating "a high concen-

tration of water vapor and small amounts of

carbon dioxide." These authors felt that the

rising pressure was caused by carbon dioxide

diffusing into the bubble. They expressed sur-

prise at finding no nitrogen or oxygen. The

sampling time of 60 seconds after exposure may

have been too short for the other gases to enter

in significant amount, although the studies below

suggest otherwise.

The Soviets have been interested for some time

in this problem as indicated by the excellent

study of Balakhovskiy and FomenkoJ 4 These

investigators measured the changing humidity

and Pco_ within subcutaneous pockets ("emphy-

sematous bubbles") of rabbits and rats. As

would be expected, the relative humidity quickly

reaches the maximum level of the humidity

sensor at 95 percent. Figure 29 represents the

curve of Pco, made during one of these ex-
periments.

:_, 40_ i i i i i I i i

I t i i I

30 60 90 120 150 180 210 240 270

Time, sec

FIGURE 29.--Changes in the partlal pressure of

carbon dioxide in the en_physernatous bubble.

(REDRAWN AFTER BALAKHOVSKIY AND FOMENKO. 14)
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A substantial drop of pco_ is noticed during the

development period of the "emphysematous
bubble." The authors point out t[aat in small

air bubbles injected subcutaneously at sea level

there is a rapid carbon dioxide buildup, but in

altitude emphysema there is an actual lag in

carbon dioxide buildup caused by rapid water

vapor entry.
These authors also analyzed the gaseous com-

position of the bubbles at the point of maximum
volume of the pocket. Table 27 represents the

Gas
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findings. Analysis of the variability of compo-

sition suggests that a sampling error is not at
fault. As discussed in the first section of this

chapter, the specific tissue site and fat compo-

sition may well be a major factor in determining

the gas composition of connective tissue pockets.

A more recent Soviet study defines the change

of inert-gas composition of subcutaneous pock-

ets of rats decompressed to 7 to 8 mm Hg over a

period of 50 seconds. Analyses performed at
sea level are seen in table 28.

TABLE 27.- Chemical Composition of Gas Front Emphysematous Bubbles

lAFTER BALAKHOVSKIY AND FOMENKO 14]

l Bubble composition, percent1 I I1 2 3 4 5 6

Rats

02 .....................

CO_ ...................

N2 .....................

13.1

33.3

53.6

15.4 6.3 18.6

20.6 41.9 30.8

64.0 51.8 55.6

Rabbits

7.4 ] 20.8

48.3 1.2

44.3 78.0

I 9768.0 2.3

25.4 78.0 6.3 I 2.0

62.4 64.0

31.3 34.0

14.5

27.5

58.0

Again, there are large variations from pocket

to pocket. Examination of the gases, measured

by the Scholander method, revealed that within

the first 10 seconds, nitrogen was predominant.

At the end of a minute, carbon dioxide became

predominant. The differences between the find-

ings of the two series of Russian investigators

may well be explained by a difference in sam-

pling time. It is puzzling why Kemph et al. 25T

found no nitrogen or oxygen at the end of 60

seconds. Species differences of this magnitude

would be most improbable.

The dynamics of subcutaneous vapor pockets

in ebullism can be summarized by stating that

there is first a rapid conversion of liquid water

to the vapor phase which reaches a peak at about

1 minute and probably continues for several

minutes at a slower rate. There is an original

rush of carbon dioxide, nitrogen, and oxygen

into the pocket. Gradually, carbon dioxide

becomes the dominant gas. From the pressure

data of Ketnph et al., 2'57 it appears that at the

end of 60 seconds, 5/56, or about 10 percent, of

the pressure within the vapor bubble may be

secondary gas.
The above analysis suggests that rite rate of

formation of vapor bubbles and pockets is prob-

ably somewhat dependent on the inert gas.

The growth rate of intravascular vapor bubbles

in the great veins and right side of the heart

would probably depend on the permeation co-

efficient CtblooaDblooa. The relative bubble fac-
tors for the inert gases are seen in phase 1, case 2

of table 9, in which the substitute value

O_waterDseru m is used. Neon appears to be the

safest gas, followed by nitrogen, helium, and

argon. The high level of water vapor and pos-

sibly carbon dioxide in the intravascular bubbles
would reduce the sensitivity of bubble growth

to the inert-gas factor. However, it should be

remembered that the carbon dioxide concentra-

tions presented by the Soviets for subcutaneous

pockets are probably higher than those to be

expected in intravascular vapor bubbles. In
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TABLE 28.--Gas Composition at Subcutaneous

Rat Pockets After Decompression to 7 to 8

mm Hg

[AFTER KOVELENKO AND YURKOV 268]

Composition, percent

CO2 I 02 N2

Decompression time= 10 sec

14.22

8.00

13.51

8.40

5.35

19.43

5.45

a 10.62

31.91

38.85

38.90

28.23

39.15

32.83

39.80

23.30

a 34.12

17.00

18.60

17.70

17.90

18.59

3.60

18.65

a 16.00

Decompression time = 20 sec

68.78

73.40

68.79

73.70

76.06

76.97

75.90

a 73.37

13.13

15.80

11.04

12.00

10.75

11.33

25.05

26.26

a 15.67

54.96

45.35

50.06

59.77

50.10

55.84

35.15

50.44

a 50.21

Decom 3ression time = 40 to 50 sec

77.70

41.05

89.50

78.55

61.53

77.53

54.54

48.48

a66.11

5.14

23.10

3.65

1.10

17.87

10.12

10.80

18.80

a 11.32

17.16

35.85

6.95

20.35

20.60

12.35

24.66

32.72

a 22.57

a Average.

any case, the relative _bloodDblood factors repre-

sent the maximum inert-gas dependency to be
expected.

For subcutaneous emphysematous pockets,

the same physical analysis and relative ranking

of bubble factors would be expected as discussed

in case 4 of table 9 for connective tissue gas
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pockets. The high level of water vapor and

carbon dioxide, possibly up to 90 percent of the
pressure, would no doubt dilute the absolute

effect of the inert-gas dependence.

A third gas-dependent site is the interpleural

space and lung. The atelectasis seen in animals

is probably caused by vapor formation in the

pleural space compounded by trauma to the

lung surface during an "explosive" decompres-
sion to ebullism ahitudes. 23G,396 Another factor

is suggested by the findings that only those ani-

mals in which respiration had ceased before re-

compression showed complete atelectasis. It is

conceivable that the stream of water vapor

entering the alveoli displaces the gas content

and then recondenses on recompression to cause

severe collapse. 20°

The same inert-gas factors would be expected

to hold here as for the subcutaneous pockets.

The fact that the effective "braking action"

against atelectatic absorption of gas from a

traumatized lung is inversely proportional to

the ablood of the inert-gas mixture would be only

a side issue in the present discussion. 12s,3G9 The

braking effect would hold only in the unsteady

state where the blood is unequilibrated with

respect to alveolar gas pressure.

In the ebullism syndrome, the intravascular

bubbles are much more physiologically signif-
icant than the subcutaneous or atelectatic as-

pects; consequently, the C_bloodDb_oodfactor should

be weighted more heavily. It can then be con-

cluded that neon would probably be safer than

nitrogen, and nitrogen safer than helium, but

the overall dependence of lethality on the inert

gas would be much less than that seen in decom-

pression sickness at lower, nonebullism altitudes.
Because of the seriousness of the cardiac

vapor lock in ebullism, it might be pertinent to

suggest that a more detailed understanding of

biphasic flow through tubes and vessels of various

types is needed. Several theoretical studies of

nucleate boiling under undsual acceleration con-

ditions in space vehicles and nuclear power

systems seem to offer much along this line. 97,197

The physics of biphasic flow and the role of

zero gravity on this flow 47, 192,402,429,437,414 are

also of immediate significance to the biological

problem. Discussion of these interesting sub-

jects is, however, beyond the scope of this review.
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SUMMARY OF INERT GAS FACTORS IN

DECOMPRESSION

In the selection of an optimum inert-gas en-

vironment for space vehicles, decompression

sickness is a major consideration. An environ-

ment of 100 percent oxygen appears to be ideal

for subsequent decompression. After equilibra-

tion at 100 percent oxygen there is a possibility

of mild bends symptoms after severe exercise

at space-suit altitudes of about 35 000 feet. They

could be caused by carbon dioxide and oxygen

bubbles, but there are no adequate data on this

point. Prior to equilibration in 100 percent

oxygen, tissue nitrogen remains a hazard. Pre-

flight denitrogenation rates and predicted bends

incidence during the unsteady state of saturation

can be selected from figure 18 and tables 17,

18, 19.

Rough extrapolation of World War II data to

current problems indicates that equilibration

with an atmosphere of 50 percent oxygen and

50 percent nitrogen may be expected to reduce
the incidence of bends after exercise at 35000

feet (3.5 psi) to about 7 to 10 percent in a phys-

ically unconditioned population between 20 and

40 years old. At rest or during piloting opera-

tions, the incidence of symptoms should fall far

below 1 percent. Well conditioned astronauts

could probably expect an incidence of less than

7 percent under moderate exercise conditions.
The incidence of bends for a similar decompres-

sion to a suit altitude of 27 000 feet (5 psi) should

be one-third that predicted for a suit at 35 000

feet. Equilibration to an atmosphere of 5-psia

70 percent 02-30 percent nitrogen should reduce

the symptom rate considerably for both suit
altitudes. Will other inert gases substituted for

nitrogen in this or other mixtures have any ad-

vantage over nitrogen in decompression sickness?

It must be concluded that there are inadequate

data for predicting in a definitive way the rela-

tive decompression hazard of the different inert

gases in any mixtures. A first-order approxima-

tion of the relative hazard at any one of several

body sites can be calculated with the assumption

that the local supersaturation ratios for each gas

are equal (table 9). A review of data on tissue

desaturation times and critical supersaturation

ratios for total body systems suggests that the

coupling between these factors, tissue/blood
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solubility ratios, and permeation coefficient fac-

tors are lacking for gases other than nitrogen.

Data for other inert gases such as those for

nitrogen in table 12 would clarify the tissue de-

saturation problem, but would not provide a

complete answer about hazard index. The crit-

ical supersaturation ratios for each tissue would

still be required.

Semiempirical approaches similar to that of
Bateman would be useful in combining bubble

theory and practice. Much more empirical
data are needed for modification of the Bateman

equation for other gas mixtures. The hydraulic

analog approach of Groves and Munk z°s or

Stubbs, 416 even though it eliminates the local

bubble-growth factors, could become a useful

tool for predicting the decompression hazard

of any inert gas-oxygen combinations used in-

dividually or in sequence. Each gas mixture

would require a separate muhichamber analog.

An electrical analog approach such as that used

by Bradner and MacKay 73 and Stubbs 416 should

be able to tie together any sequence of analogs

for individual mixtures and present a powerful

tool for optimizing decompression schedules in

complex profiles of future space missions.

Once again, any analog device has to be cali-

brated against empirical data regarding pertinent

critical supersaturation ratios and tissue half

times at altitude.

In the absence of such data as these, there

are several predictions which can set the pattern

for future study:

(1) From the point of view of decompression

sickness, helium, neon, and nitrogen are the

only inert gases worth considering.

(2) With regard to bends alone, there is no

evidence from extrapolation of empirical data 3o

or from theoretical considerations that helium

will be any better than nitrogen in altitude de-

compressions. Only preliminary data are avail-

able on favorable aspects of neon in decom-

pression.aSS, 52 Operationally, neon may prove
to have a tissue-blood solubility ratio and de-

saturation pattern for critical tissue that would

synergize with its favorable permeation coeffi-
cient to minimize bends in any gas mixture

suitable for space cabins.

(3) The very rare though serious neurocir-

culatory collapse syndrome will be even more
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rare after decompression from equilibrium con-

ditons of reduced PN2 at 7-psi pressure. Unfor-

tunately, there is little information on the effect

of exercise on this condition. One would expect

at least one order of magnitude less collapse

symptoms than bends symptoms, or less than a

0.5-percent incidence on decompressing from a

7-psia cabin with a 50-percent oxygen and 50-

percent nitrogen mixture even after exercise at
35000 feet. 3,61,169 How much less cannot be

determined because of inadequate data. In an

astronaut population which consists of well

conditioned individuals, the expected incidence
would be reduced even further.

The comparative effects of specific inert gases

in this syndrome can be determined only from
theoretical considerations. If one considers

the basic cause of the syndrome as bubbles

forming autochthonously in adipose tissues and

if only permeation factors are considered (table 9,

cases 1 and 2), neon and helium are of great

advantage in reducing the incidence of this syn-

drome. When one considers bubbles forming

intravascularly in nonfatty or in muscular tis-

sue, the theoretical advantage of helium and neon

over nitrogen fades. This is seen from considera-
tion of bubble factor in case 3 of table 9 and from

the relatively uniform and rapid desaturation

rates expected from aqueous tissues. Empirical

evidence from diving supports a less-distinct

difference between helium and nitrogen in serious

neurocirculatory symptoms. The evidence sug-

83

gests that tissue desaturation factors and critical

supersaturation ratios at bubble sites may

overwhelm the consideration of permeation

coefficients in determining the overall hazard.

The chokes syndrome may fall into the same

category of low dependence on the specific inert

gas.
(4) It is possible that the favorable permeation

coefficient of neon may be supported by favorable

tissue desaturation rates and critical super-

saturation ratios to give an overall advantage to

this gas in space cabins. Study of this gas in

decompression events is certainly indicated,

especially in view of the preliminary success of

this gas in diving, s4, 3ss

(5) "Explosive" decompression and ebullism

do have gas-dependent factors limiting their

physiological expression. In the case of "ex-

plosive" decompression, there is a small but

definite advantage of helium over nitrogen as an

oxygen diluent (table 25). Because this ad-

vantage would be exercised only in case of blast

overpressure or a massive disruption of the cabin
wall when other traumatic factors would come to

the fore, the weighting of this advantage in the

overall selection process should be very light.

Gas factors also play a role in the ebullism syn-

drome. Because water vapor and carbon dioxide

predominate in the vapor pockets or bubbles in

the syndrome, the small advantage which neon

holds over helium or nitrogen should not weigh

heavily in the overall selection criteria.



Metabolic Effects of Inert Gases
CHAPTER 3

THE METAZOAN has evolved on this Earth in the

presence of a relatively high partial pressure of
nitrogen and only trace amounts of the other inert

gases. Table 29 gives, the concentration of inert

gases in the atmosphere. One might expect that

the physical presence of these gases at specific

TABLE 29.--Composition of Dry Air
[AFTER COOK 109]

Gas

N2 .......................

02 .......................

a ........................

CO2....................
Rare gases ............

Total ...........

Gas

Ne ......................

He ....................

Kr ......................

H2 ......................

Xe ......................

Rn ......................

Mote, percent Weight, a percent

78.084
20.946

.934

.033
.003

100.0130

Ppm by volume

18.18 -+0.04
5.239 -+0.004
1.139 ± 0.01

0.5
0.086 ± 0.001

6 × 10-14

75.521
23.139

1.288
.050
.002

100.000

Ppm by weight a

12.67
.724

3.295
.035
.390

46 × 10-14

a The weight values have been calculated from the values
given for "Mole, percent" and "Ppm by volume."

intracellular concentrations may have directed
biochemical evolution to account for this com-

position in optimization of cellular mechanisms.

Alteration of this balance can, therefore, be ex-

pected to induce an adaptive biochemical re-

sponse which may or may not be detectable.

This chapter covers the adaptive response of

the organism to changes in the inert-gas environ-

ment. It is hoped that this review will provide

a framework for analyzing physiological changes

which may become manifest if long-term expo-
sure to these altered atmospheres becomes an

operational necessity in space vehicles.

Chapter 1 presented a review of the physico-

chemical properties of the different inert gases

and general implications of these properties to

biochemical reactions within an organism. This

chapter covers the physiological manifestations

that these biochemical properties determine.

Much of this material has been reviewed by
Rinfret and Doebbler 364 and Cook and Leon. N3

These studies form the background for the pres-

ent discussion. No attempt has been made to

be exhaustive in this review. Emphasis is placed

on those aspects of the metabolic response to

inert gases which may be of consequence to

long-range space missions.
Of historical interest is the early study of

Schloesing and Richard, 3s_ who reported in 1896

that the partial pressure of argon in swim blad-
ders of fish is 20 times that in sea water and

raised the question of a concentration mech-

anism. Haldane TM favored a purely physical

mechanism by which inert gases entered the

swim bladder. Recent studies by Wittenberg 457
suggest that oxygen is actually secreted in the

bladder in the form of tiny bubbles into which
the inert gases diffuse during the formation of the
bubbles.

In the late 1920's Hershey 22s,229 published the

results of studies on mice breathing mixtures of

oxygen with nitrogen, argon, or helium. He

described oxygen toxicity in the absence of these

gases and pointed out that while 80 percent he-

lium and 20 percent oxygen had no effect on

mice, 80 percent argon and 20 percent oxygen

"permitted life for only 92 hours." Fidlar's

comments on this work are most interesting, for

they presented a review of the experimental

difficulties and biases of the day. He looked

on these gases as "acting like vitamins." During

the 1920's, the ideas of Thompson, Cooke, Hilde-

brand, Sayers and Yant, and others brought the

use of helium gas in diving to reality. These

85
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studiesandtheirconsequenceswerereviewedin
detail in chapter2. In the1930's,therapeutic
studiesof Barachis.1:,.2o and his coworkers and
the ideas of Orcutt and Waters 33a on the mech-

anism of action of the inert gases in physiological

systems were of great value in stimulating interest
of the medical community on the therapeutic

uses of helium and other gases.

Most recently, the use of xenon as an anesthetic

agent has rekindled an interest in the chemical

properties of inert gases. The pioneering studies
of Lazarev et al., 2a° Lawrence et al.Y s and Cullen

and Gross 126are outstanding in this area. Since

chronic exposure to relatively low pressures of

the several inert gases in space cabins may have

long-range metabolic effects, it would be well
to review the general problem of inert-gas

narcosis and its metabolic ramifications.

INERT GAS NARCOSIS

As was indicated in chapter 2, the early use of

helium as an inert diluent in diving was prompted

by the narcotic effects of nitrogen at depths

greater than 150 feet. The "rapture of the deep"

syndrome was first attributed to high pressures

of nitrogen or oxygen by Damant. 129 These first

reports were followed by the studies of Behnke

and his coworkers3S. 4°,41,42 who thought that

nitrogen was the most probable agent involved,

but suggested that carbon dioxide retention and

other factors may be involved. The studies of
Bean 2s,29 indicated that carbon dioxide does

indeed build up in the lungs at great depths and

that at a depth of 7 to 10 atmospheres, the carbon

dioxide content of the alveolar air is as high as

10 percent in sea-level equivalents. The in-

creased gas density and'defective mixing of

alveolar gas at depth was hypothesized to be the

major physical factor involved. The possibility
of the carbon dioxide buildup being secondary to

hypoventilation from the increased respiratory
resistance factor has been reviewed in great detail

by Lanphier, 274Biihlmann, s2' s3 and Wood et al. 4e°

Current evidence suggests that while carbon

dioxide narcosis does contribute to the syndrome

at great depth, it is not the prime factor. The

findings of Rashbass as0 that forced hyperventila-

tion at 250 feet will produce a marked decrease

in alveolar carbon dioxide, but will not affect the

narcosis is a strong point in favor of true nitrogen
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narcosis. The neurophysiological and pharmaco-

logical studies of Carpenter, 9°' 91'92' 93 Bennett
and his coworkers, 4s' 49, 50, 51, 52, 53, 55, 56, 57 Taylor 420

and of Barnard 21 also point to nitrogen narcosis

as being a definite entity with early depression
of nervous activity at the level of the cortex and

reticular formation and subsequent effect on the

lower centers and peripheral nervous system.

That a narcotic synergism exists between carbon

dioxide retention, oxygen pressure, and elevated

PN2 has been confirmed by Frankenhaeuser
et al. 1s3 It would seem that all three entities are

responsible for the clinical syndrome at depth

and that such secondary factors as the degree

of exercise and adequacy of respiratory equip-

ment may well determine the extent of contribu-

tion by each of these entities. In space cabins
where failure of carbon dioxide absorption sys-

tems is always a potential hazard, this synergism
between carbon dioxide narcosis and inert-gas

"intoxication" must be kept in mind. But first,

the possibility of inert-gas intoxication in space
cabins must be examined with specific focus on

critical partial pressures and physiological

mechanisms.

The symptoms of nitrogen narcosis on air be-

come first perceptible at pressures as low as 21/2

atmospheres, 355 though the usual threshold is
considered at 4 atmospheres absolute pressure

(100 feet of sea water), and quite serious condi-
tions occur at 7 to 8 atmospheres (200 to 300 feet).

Behnke and Yarbrough 41 showed that for a mix-

ture of 80 percent argon and 20 percent oxygen,
this serious narcosis is seen at only 4 atmos-

pheres. Argon, therefore, has twice the nar-

cotic potency of nitrogen. Helium and hydro-

gen, on the other hand, are much less potent

than nitrogen s5'276 and require much greater

pressures ( > 600 ft) for narcosis. _' 212,253,275 At

the Linde Corp., no narcotic manifestations were

noted in men at partial pressures of helium up to

20 atmospheres, and in neon, up to 16 atmos-

pheres.2_2, 3s6 Mice can in fact tolerate 122

atmospheres of a 99.6-percent helium and 0.4-

percent oxygen mixture and remain conscious. TM

At these higher pressures, carbon dioxide reten-

tion again confuses the issue. Some adaptation

to nitrogen narcosis is possible, a27

Behnke and coworkers as first suggested that

the narcotic effect of nitrogen was greater than
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that of helium because its solubility in lipid was

greater (table 2). An analogy was drawn compar-

ing nitrogen to the aliphatic anesthetic agents, the
activity of which, according to the old Meyer-

Overton law, appeared to be related to the ratio of

solubility in fat to solubility in water (table 2).

Since argon has the same lipid-water solubility

ratio as nitrogen, but twice the fat solubility and

twice the narcotic potency, it was argued that

lipid solubility itself may be the key factor. 42

The lipid solubilities of krypton and argon (table

2) suggest that 80 percent krypton at sea level

would be equal in narcotic effect to 6 atmos-

pheres of air, and that 80 percent xenon at sea

level would be equivalent to 25 atmospheres of

air. This hypothesis was tested by Lawrence

et al. 276 A human breathing 50 percent krypton

gas in oxygen at sea level reported only dizziness.

Mice exposed to 58 to 60 percent xenon for 30

minutes to 1 hour developed convulsive head

movements, paralysis of the limbs, and ataxia

with complete recovery upon return to air. Simi-

lar studies on lower animal forms are claimed to

have been carried out by Lazarev before 1941.27 s,

2s0 It, therefore, appears that in the absence of

carbon dioxide narcosis and oxygen toxicity, a

true narcosis is possible with an inert gas.
Cullen and Gross 126then studied the anesthetic

qualities of xenon and krypton in animals and

man. Rats, mice, and rabbits were tested in a

mixture of 80 percent inert gas (composed of

95 percent krypton and 5 percent xenon) and 20

percent oxygen, and in a mixture of 80 percent

nitrous oxide and 20 percent oxygen. No une-
quivocal evidence of narcosis was found. Three

humans inhaling mixtures of 80 percent krypton

and 20 percent oxygen reported changes in voice

quality, desire to breathe more deeply, and ill-

defined dizziness or discomfort, but no signifi-

cant narcosis. Mixtures of 80 percent xenon

and 20 percent oxygen, on the other hand, pro-
duced minimal narcotic effects in rabbits with

some loss of lid reflex, apparent diminution in

response to painful stimuli, and tendency to

remain in induced unnatural positions. Re-

covery was complete.
The narcotic effects of xenon on humans were

studied in great detail. Six humans inhaling

mixtures of 50 percent xenon and 50 percent

oxygen were shown to have a 15-percent increase
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in pain threshold. Each subject reported sub-

jective sensations of dizziness and incipient loss

of consciousness. A mixture of 70 percent xenon

and 30 percent oxygen produced narcotic effects

and incipient loss of consciousness in two other

men. Orchidectomy was performed on one of

the two men, an 81-year-old patient. There

was no evidence of pain, and first-plane, third-

stage anesthesia was reported. Vital signs were

normal, and both jaw and pharyngeal muscles

were relaxed. Recovery was normal. The

patient began to recover 2 minutes after xenon

gas was stopped and was oriented after 5 minutes.

The other patient underwent a Fallopian tube

ligation with similar good results. Cullen and

Gross 120 compared xenon to ethylene in anes-

thetic capacity and noted their similar solubility
coefficient in oil of about 1.5. Nitrous oxide

also has similar anesthetic properties and has

a solubility coefficient of 1.46.

The Soviets have also used xenon anesthesia

clinically.S0,279 They demonstrated that 60

percent xenon shows the "Shane effect," a
prolongation of thiopental anesthesia. Abdom-

inal laparotomy at this pressure of xenon was

impossible because of residual muscle tension.

These early studies have been followed up by

many others describing electroencephalographic

changes 140,320,346 in xenon anesthesia. In-

creasing partial pressures of xenon in monkeys

and dogs lead to deeper anesthesia with the same

electroencephalographic changes noted with

other general gaseous anesthetics. Pittinger

and coworkers 347,348 studied the partition of

this agent in the body organs and found the brain

is practically saturated with the agent within

6 minutes. In general, the kinetic properties

of this gas are not unlike those of nitrous oxide,

ethylene, cyclopropane, and other gaseous

agents which move most rapidly to lipid
structures.

Studies have recently been completed by

Gottlieb and Weatherly 195 and Schreiner 3ss

on the responses of the frog sciatic nerve-gas-

trocnemius muscle complex to compressed inert

gases. At 200 psig, neither helium, neon,

nitrogen, nor argon reduced the ability of the

muscle to produce tension, or of the nerve to

provide stimulation. In these compressed gas-

eous environments, the muscle did not fatigue
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fasterthanin air at ambientpressure.While
kryptonat200psighasnoeffectontheisolated
frogsciaticnerve,it mayhaveaslightinhibitory
effecton the ability of the muscleto produce
tension.Xenon,on the otherhand,exertsat
100psiga readilyreversible,milddepressionof
nerve excitability.This depressionincreases
rapidlywith increasingpressureof xenon. At
100psig,xenonexhibitsa rapidandapparently
irreversibledirecteffecton the frog muscle,
inhibitingits ability to contract. The critical
Pxe required to interfere with normal muscle
function appears to he between 68 and 100 psig.

Nitrous oxide, in comparison, has an effect similar

to that of xenon. It can be expected that under

pressures in excess of those used in these studies,
the other gases of the helium group may also
exert effects similar to those demonstrated for

xenon. These studies indicate that the frog

gastrocnemius muscle is more readily subject to

inert-gas inhibition than either the myoneural

junction or the conducting systems. In man,
nitrous oxide and xenon will produce narcosis

below pressures that are shown to damage

the frog sciatic gastrocnemius muscle. Present

knowledge indicates this to be also true for nitro-

gen and argon. Whether this pattern holds true

for neon and helium _mains to be explored.

Further studies by this group on instrumented

unanesthetized rats did not reveal electroen-

cephalographic evidence of inert-gas anesthesia

when the animals were exposed to 206- to 220-

psig neon, argon, or nitrogen in the presence of

14.7-psia oxygen. Under the experimental

conditions employed, behavorial responses to

nitrogen and argon under pressure could be

clearly discerned. However, no corresponding

electroencephalographic changes such as those

observed in xenon anesthesia were noted. It

is not possible without further experimentation
to attribute the behavioral changes to centrally

mediated direct effects of the compressed gases

since, at the pressures employed, the density

of the respired media was sufficiently high to have

possibly caused physiological changes from

hypercarbia not readily reflected in the electro-

eneephalogram.

The molecular mechanism of inert-gas narcosis

or anesthesia is still an open question. 1s6 Corre-

lation of narcotic potency and lipid solubility
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suggests, but does not prove, that lipids are spe-

cifically involved in the process. 323 In studies of
xenon in vitro, Pittinger et al. 34_,34s showed no

difference in the respiration or oxidative phos-

phorylation of guinea-pig brain tissue with glucose

or pyruvate as substrates. Unlike the case of

barbiturates, inhibition of oxidation or uncoupling

of phosphorylation do not appear to be involved.

If the proteolipid mitochondrion is the site of

activity, its basic function is not affected in these

in vitro conditions.

Carpenter 90,91,92'9a demonstrated that the

inert gases do inhibit firing of nerves in vitro and

suggested that correlation between this activity

and lipid solubility of many "inert" gases could

be linked through the reciprocal of the fugacity

of the gas. Wulf and Featherstone 46s suggested
that there was a correlation between lipid solu-

bility and the molecular volume of a gas. The

magnitude of the van der Waals forces, which
are indices of the volume occupied by the atoms

and the attractive forces between them, appeared

to also correlate well with anesthetic potency.

An additional correlation was found between

anesthetic potency and the molar refraction or

polarizability of the molecules. Therefore, it

appears that anesthetic potency correlates well
with several interdependent physicochemical

properties: reciprocal of fugacity, molecular

volume, molar refraction, and van der Waals con-

stant. Since lipid solubility is directly related to

these properties, it is not surprising that it-has

long been regarded as the key factor. It would

appear, however, that these physical properties

may be involved in a mechanism quite unrelated

to lipid solubility per se.

A recent approach to a mechanism of anes-
thesia has been the clathrate hypothesis of

Pauling337 and Miller. 314 The nature of inert-gas

clathrates is discussed in chapter 1. Correla-

tion between polarizability or van der Waals

forces and the potential for clathrate formation is
well known. 441 Pauling hypothesized that inert-

gas hydrates forming in the aqueous phase or

aqueous interfaces in the nervous system inter-
fere with electrical conduction of the structures

and prevent normal nervous activity. The prob-

lem of instability of the hydrates in pure water

may be overcome by including the clathrate

potential of protein side chains and the para-
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crystalline water around proteins as part of a

mixed hydrate complex. The inert gas within

such a complex could change the impedance of

the system and alter its function. Miller 314

feels that the paracrystalline "ice cover" may be

a key factor in the process and that a change in

water structure may in itself alter the function

of nervous tissue by changing conductive imped-

ance or "plugging pores" in membranes in the

manner suggested by Mullins. 323 Both theories

suffer from the instability of hydrates at 37 ° C;

from the fact that many anesthetic gases do not

form hydrates (i.e., diethyl ether, propane, and

others); and from the fact that a number of gases

that do form hydrates do not have anesthetic

properties) s

A recent combination of the lipid and the clath-

rate theories comes from the study of Clements

and Wilson. 1°2 By following changes in surface

tension, these investigators studied the affinity

of narcotic agents for artificial interracial lipid

and protein films. Inert gases at partial pres-

sures in the anesthetic range cause a 0.39-dyne/

cm change in the interfacial tension. This is

visualized as a tendency to expand the film and

to replace water at the interface. The fact that

the protein films are affected in the same way

suggests that alteration of the water interface

of the film may be the key factor. Such a mecha-

nism thereby relates the hypotheses of Sears and

Fenn, 39s Mullins, 323 Pauling) 37 and Miller 314with

the supporters of the older Meyer-Overton lipid

solubility theory. The paper of Agin et al. 4 also

adds to the physical complexity of the problem.

The recent studies of Schoenborn and his co-

workers _s2,3s_ suggesting that xenon combines

selectively and reversibly with specific sites on

hemoglobin must also be considered in discus-

sion Of proteolipid membrane effects. The

combination of 1 atom of xenon with 1 molecule

of hemoglobin can cause the aggregation of about

30 molecules of water and thereby alter the func-

tion of the membrane complex) s4, 167,168 Studies

of the polarizability and adsorption of inert gases

on molecular sieves have also been presented as

a possible model for the physiological effects of

these gases) s Further studies of this phenome-

non are needed to define the specific interactions
involved.

From the discussion in chapter 1, it would ap-
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pear that covalent bonding of the type seen in the
xenon halides would not have a role in anesthesia.

The xenon halides are far too unstable in aqueous

systems to play an obvious role in the narcotic

mechanism. Since dogma regarding the chemi-

cal inertness of these gases has failed to meet

the challenge of time, predictions about chemical

impossibilities with this group of agents must be

made with caution.

There is only one experiment that suggests a
narcotic effect in humans of helium in an 80-

percent mixture with 20 percent oxygen at sea

level. I°6 Subjects breathing this mixture for

30-minute periods were reported to have shown a

larger percent alpha rhythm than those breathing

air. The significance of this older study is not

clear and the findings have never again been

repeated.

Since the discussion of chapter 2 suggests

that xenon and krypton are the worst gases for

decompression and since helium and neon, the

best candidates, are not expected to be anesthetic

agents under pressures indicated for space

cabins, why dwell on the mechanism of narcosis?
The reason will become obvious when some of

the nonnarcotic, metabolic effects of helium are
discussed. These effects have often been men-

tioned as possible deterrents to the use of this

gas in long-duration space missions. This dis-

cussion of narcosis puts them in the proper
context.

INERT GASES IN CELLULAR METABOLISM

Helium.-Of the inert gases other than nitro-

gen, helium has been the most adequately
studied. Table 30 summarizes most of the work

published prior to 1961. A discussion of the

most pertinent of these studies follows. The
review of Cook and Leon 113is used as a basis for

this discussion.

In 1950 Cook 111 reported that helium, when

substituted for nitrogen in air, had no effect on

yeast, wood termites, or Drosophila tested in a

Warburg apparatus. It did stimulate greater

oxygen consumption and carbon dioxide produc-
tion in larvae of meal worms and mice when

tested in more open systems. Of interest was
the fact that in adult meal worms or in their

starved larvae, no increase in oxidative metabo-

lism was noted. In the poikilothermic lizard, no

246-8290-67--7
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TABLE 30.-Effects of Helium on Intact Organisms and Isolated Systems
[AFTER RINFRET AND DOEBBLER 364]

Test system

Man ...............................................................

Mouse ............................................................

Mouse ............................................................

Drosophila melanogaster (fruit fly) .......................

Zo_termopsLs nevadenais (wood termite) ................

Tenebrio molitor (meal worm) .............................

Tenebrio molitor (meal worm) ..............................

Mormoniella vitripennis (chalcid wasp) ..................

Cnemidophortzs tessellatus (lizard) .........................

Coleonyx variegatus (gekko lizard) ........................

Yeast .............................................................

Frog ...............................................................

Frog spinal cord preparation ................................

Frog peripheral nerve ........................................

Turtle atria .....................................................

Sea urchin egg .................................................

Mouse brain slice .............................................

Mouse muscle slice ..........................................

Mouse liver slice ...............................................

Mouse diaphragm ..............................................

Mouse ventricle slice .........................................

Mouse sarcoma slice ..........................................

Mouse liver homogenate (hexose diphosphate

substrate)

increase in oxidative metabolism was produced.

With argon-oxygen mixtures, the same pattern
of results was found in all of these experiments

but changes were less pronounced. These
results were not all confirmed in other labora-

tories. 1s2 A more recent evaluation of these

results was presented by Cook and Leon. 1t3
Most of these differences could be accounted for

by the far greater thermal conductivity of helium.
Table 1 indicates that helium conducts heat about

six times faster than does an equal molecular

concentration of nitrogen. The acceleration of

metabolism by argon cannot be explained on this

basis.
Increased heat loss in homoiotherms would be

expected to cause an increase in metabolic rate

to maintain the body temperature constant.
The experimental design of the studies of Cook

et al. It_ and Young and Cook 474 was involved

with this problem. Oxygen consumption of mice

Partial

pressure, atm

0.8

.8

> 54.0

.8

.8

.8

.8

5.0, 10.0

.8

.8

.8

> 82.0

> 82.0

> 82.0

> 82.0

> 61.0

.8

.8

.8

.8

.8

.8

.8

was

Effect

No effect

Increased CO2 production, increased 02 use

Narcotic effect

No effect on 02 use; development accelerated

No effect on 02 use

Increased 02 use, increased CO2 production

(larvae), decreased CO2 production (adults

and starved larvae)

Accelerated development; _7 no effect on develop-

ment 73

No effect on development

Decreased COz production

Decreased CO2 production; no effect, O2 use

No effect on 02 use

No effect

No effect

No effect

No effect

No effect

Increased 02 use; decreased anaerobic glyeolysis

Increased 02 use; decreased anaerobic glycolysis

Increased 02 use; decreased anaerobic glycolysis

Increased 02 use; decreased anaerobic glycolysis

Increased 02 use; decreased anaerobic glycolysis

Increased 02 use; no effect on glycolysis

Increased 02 use; increased anaerobic glycolysis

measured in vessels equipped with manome-

ters in a room where temperature was controlled

at 22 ° C. In comparing young mice, adult thy-

roidectomized mice, and hyperthyroid mice, it

was noted that the ability of helium to accelerate

the metabolic rate was inversely proportional to

the level of the initial metabolic rate regardless

of the nature of the factor determining this initial

level. Therefore, in young and hyperthyroid

mice where the upper limit of metabolism is

approached, helium is relatively ineffeet'1ve.

Thyroidectomized mice, because of their low
initial metabolism, can respond to the thermal

stimulus.

The atmospheric factor in this thermally con-
ditioned increase in metabolic rate has been

studied by Cook and Leon. t13 The temperature

drop in carcasses of rats of two different body

weights, 250 grams and 188 grams, is seen in

figure 30. The slightly different ambient tem-



40

q

391

38

37

E

35

31

33

4O

METABOLIC EFFECTS

I t I • 250-_ rat o', Air: 1/2 atm '
Ib_ • 25(}.-_rat' o', Air sea level - tank

o 250-(Jratlo',N2'°O,'_ i/2alto

I u _ o 250-grat, o', He,o O/O: 1/2 atm

-241-

Ambient temp
i I I I I I I I
3 6 9 12 15 18 21 24 27

Time, min

I I I I

o 188-9 rat, O", Air: sea level - tank
39 _ • 188-g rat, o', Air: ll2atm

"_ _.._,,_=_ o 188-g rat,o_, N_°O2'°.' 1/2 atm

38 - _',__ • 188-g rat,_, Hè ° 02'°: 1/2 arm
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FIGURE 30.--The rate of heat loss by rat carcasses

in various gas mixtures and at various pressures.

One chamber was used in aH cases. The an_-

blent temperature scale on the left represents

chamber temperature 6 inches from the animal.

(AFTER COOK AND LEON. 113)

peratures of each study are also noted. As
would be expected from ratios of body surface
area to volume, there is a greater tendency for

the smaller animal to lose heat. Total pressure
changes in the chamber have a smaller effect

than does the thermal conductivity factor of
helium. Smaller animals are relatively less
affected by the molecular factor than are larger

animals. This heat-loss factor appears to explain
the metabolic changes found in the homoio-
therms, but does not explain the findings in the
more primitive creatures. The effects of inert

gas on the air-conditioning requirements are
discussed in chapter 4.

What other biochemical effects would explain
the metabolic differences in tissues and insects?

Cook and his coworkers 115found that, in War-
burg flasks, tissues of the mouse such as sar-
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coma, diaphragm, liver, and ventricle showed
increases in oxygen uptake and carbon dioxide
production of about 30 percent. In an attempt
to determine the site of action, South and Cook, 4°7
using mouse liver slices and homogenates, found
that cyanide inhibition of the cytochrome system
was somewhat alleviated by helium-oxygen mix-
tures. There was no change in RQ. Since

fluoride inhibition of the glycolytic cycle at
enolase prevented an increase in oxygen con-
sumption when either pyruvate or lactate was
added, it was concluded that helium had its

action above enolase in the glycolytic cycle and
that relief of cyanide inhibition by helium was
not related to normal respiration. Further
studies of the helium effect were performed under

anaerobic conditions. Helium paradoxically
inhibited carbon dioxide production by both liver
slices and diaphragm. In liver slices incubated
with fluoride, a greater depression of carbon
dioxide production than could be attributed to
the fluoride effect was noted. In the presence

of fluoride, hexose diphosphate was able to
reverse the helium depression. On the basis of
these anaerobic studies, the site of helium activity
was noted to be above the aldolase reaction.

However, no evidence was presented on the spe-

cific site of oxidative acceleration by helium in
aerobic or anaerobic conditions.

Further extension of this work has only con-
fused the iss_ie. Cook and South, H4 in a com-

parison of various mouse tissues, found an inverse
relationship between oxygen consumption and the
ability of helium to accelerate metabolism. Also
under anaerobic conditions, the degree of depres-
sion of carbon dioxide production by helium was
inversely related to the rate of carbon dioxide

production in nitrogen. Comparative effects of
other gases shed little light on the problem. 4°_

The order of increasing ability of gases to increase
oxygen consumption by the liver is helium, xenon,
argon, nitrogen, and hydrogen. The order of
increasing effectiveness in anaerobic depression
of carbon dioxide production is helium, xenon,

hydrogen, and argon. There appears to be no
correlation with narcotic potency in either the
intact animal or in isolated nerves (see above).

The findings of Levy and Featherstone zs3 that
xenon had no effect on oxidative phosphoryla-
tion of brain mitochondria may possibly fit the
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hypothesis that the gas acts primarily in the

early glycolytic cycle.

The following general conclusions were drawn

by Cook and his coworkers:

(1) Helium does not alter the specific substrate

utilized by the tissue.

(2) The gas interferes in some way with the

cyanide-cytoehrome bond but may not affect

eytochrome oxidase in the absence of cyanide.

(3) The citric acid cycle is not subject to the

influence of helium in tissue slices, but is altered

in an unexplained fashion in homogenates. A

possible rearrangement of particulate surfaces

may be a significant factor.

(4) The glycolytic cycle is the site of both an

inhibitory and an acceleratory effect of helium.
The location of the anaerobic inhibition lies above

aldolase reaction, and that of the oxidative ac-
celeration between the aldolase and enolase

reactions.

Further work on subcellular fractions may well

indicate more definitely the site of helium action

and reconcile the equivocal findings of different
laboratories.

Several years ago, an attempt was made by

Alien to determine if nitrogen gas was required

for the development of mammalian organisms, s

Fertile hen eggs incubated at 1 atmosphere

pressure in a mixture of 20 percent oxygen and 80

percent helium showed the same retardation of

growth as seen in 100 percent oxygen. The

addition of nitrogen to the extent of 10 percent

of partial pressure did not relieve the inhibitory

effect. Fertile eggs incubated in 100 percent

oxygen at Po._ of 150 mm Hg showed the same

lack of development of the cardiovascular system

as seen in 100 percent oxygen at 1 atmosphere.

A Soviet report at the same period suggested

that replacement of nitrogen by helium affects

the development of chick embryos only when

the temperature control of the incubator is in-

adequate to overcome the thermal conductivity
factor. TM

Hiatt has continued these studies with sup-

port from NASA. z3_,z32 Using standard room

temperatures and humidities, he finds that he

can hatch only one-half as many chicks in a mix-

ture of 79 percent helium and 21 percent oxygen

as in air. The chicks in helium atmospheres

under these conditions are 5 to 10 percent
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smaller in size. When raised in helium atmos-

pheres, these chicks grow at the same rate, but

require 15 percent more food. Hiatt feels that

the thermal conductivity and excessive heat loss

could explain these findings in the intact embryo.

Hiatt and Weiss also made preliminary studies

on the oxygen consumption of tissue homogenates

of 8-day chick embryos by the Warburg tech-

nique. 2az Homogenates from eggs which have

been incubated in helium and oxygen and pro-

tected from nitrogen even during the preparation

for the Warburg flasks show an increase in
metabolism over the controls incubated in air.

However, if they are exposed to air for just 1 hour

during preparation, their metabolic rate drops

below that of the controls. It appears that these

tissues incubated in helium are particularly

vulnerable to nitrogen on first exposure. Sim-

ilar effects have been observed on whole animals

(rats and chicks). It has also been found that

such embryos have a depression of their oxygen

consumption after exposure to 2000 R X-ray ir-
radiation which is similar to the effect on the air

incubated embryos. 467 The findings of Cook
and his coworkers described above have, there-

fore, been generally corroborated in embryonic
tissue.

A recent study by Schreiner and Doebbler 3_o

suggests that the helium group gases under

pressure inhibit the reaction rate of tyrosinase,

and the extent of reaction parallels the narcotic

potency in intact animals. This and other

oxygenases require further study.
One must conclude from these studies that in

isolated mammalian tissue, helium shows dis-

tinct metabolic effect which may or may not

operate through the same molecular mechanism
as does the narcotic effect in isolated nerves or

in intact animals. A combination of the clath-

rate mechanism with the proteolipid film mech-

anism (see above) may be involved. Modifica-

tion of the hydration shell about enzymes or

about the proteolipid membranes of the various

intracellular organelles associated with enzy-

matic activity could explain some of the metabolic

changes. It is obvious that further work needs
to be done in this area.

Neon.-The biochemical effects of neon have

received little study. From the data of tables

1 and 2, it would appear that the physical prop-
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erties of neon-oxygen mixtures would be more

similar to nitrogen-oxygen and argon-oxygen than

to helium-oxygen. Wittenberg 457 has studied

neon while investigating the mechanism Of gas
concentration in swim bladders of fish. Molnar

et al. 3's have also used neon in their attempt to

relate the inhibition of nitrogen fixation by

gaseous agents to the physical properties of the

gas. The only published study of gross mamma-

lian response to neon-oxygen mixtures was pre-

sented by Young et al. 475 These investigators

anesthetized dogs lightly with Pentothal and

after appropriate control periods, presented

varying mixtures of neon, nitrogen, and oxygen
through a tracheal tube from an anesthesia

machine. Gas mixtures were 1 percent neon,

20 percent oxygen, and 79 percent nitrogen:

5 percent neon, 20 percent oxygen, and 75 per-

cent nitrogen; 10 percent neon, 20 percent

oxygen, and 70 percent n_trogen; and 80 percent

neon and 20 percent oxygen. No mention is

made of the source or purity of the gas. Six
dogs were used in 11 runs. Definite increases

in tidal volume and minute volume were seen in

animals breathing 5 to 10 percent neon. Five

percent neon gave increases in tidal volume from

13 to 62 percent; 10 percent neon gave almost
50 percent increases. Simultaneous decreases

in respiratory rate were noted in these animals.

Eighty percent neon gave inconsistent changes

in respiratory rate while producing a 17-percent
increase in tidal volume in one animal and a 5-

percent decrease in another.

Guinea pigs exposed to an atmosphere of 80

percent neon and 20 percent oxygen were re-

ported to be "quite inactive" and appeared to

have slightly lower respiration rates compared

to the animals breathing air. Animals breathing
the 5-percent neon mixture showed normal

activity, but they had respiration rates 5 percent

greater than air breathers, though the values were
erratic from animal to animal.

Hemograms of the guinea pigs appeared nor-
mal. Postmortem examination after 47.5 hours

of exposure showed loci of bronchopneumonia,

bronchitis, and nephritis in several of the ani-

mals of each experimental group. There were

no pathological findings in the controls on air.

These results are puzzling. It is hard to

imagine that 5 percent or 10 percent helium in
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a nitrogen-oxygen mixture would affect res-

piratory dynamics enough to give the above

results. The even milder response to the 80-

percent neon mixture is also puzzling. Con-

tamination of the neon gas mixtures by toxic

materials may be the answer. The lesions seen

on postmortem examination of the guinea pigs

need explanation. These equivocal findings re-

quire confirmation before acceptance of the

conclusion that neon may be a good agent for
stimulating respiration.

Argon.-Studies of the metabolic effects of

argon are summarized in table 31. As dis-

cussed above, the findings of Cook ,1, indicated

that argon behaved like helium, although with

less intensity, in modifying the growth and res-

piration of several insects, reptiles, and mice.

The many interesting changes in insects seen in

table 31 appear to be dependent on the stage of

the life cycle of the experimental animal. Since

there is little to be gained regarding the mech-

anism of action, details of these studies will

not be covered. The review of Rinfret and

Doebbler should be consulted for specific data. TM

Metabolic changes indicating increased oxygen

consumption and decreased carbon dioxide pro-

duction in the several in vitro preparations were
in the same direction but far less marked than

those noted with helium or xenon. Details of

these studies were covered in the discussion of

helium. 4°7 Argon was also inactive in the inhibi-

tion of nitrogen fixation. 315

Krypton. - Metabolic effects of krypton have

received little attention. Comparative narcotic

effects in vivo and in vitro fall in line with pre-

diction from lipid solubility and its determinants.

The metabolic manifestations of these phe-
nomena have not been studied.

Xenon.-The metabolic effects of xenon have

been compared with those of helium, nitrogen,
and argon by Cook and his coworkers. 113 The

more pertinent findings are recorded in table 32.

The augmentation of oxidation and suppression of
anaerobic glycolysis were in the same direction

as noted with helium and had an intensity be-

tween that of helium and argon. For example,

in 95-percent xenon and 5-percent carbon di-

oxide atmospheres, anaerobic glycolysis was re-

duced 79 to 92 percent below the 95-percent

nitrogen and 5-percent carbon dioxide values in
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TABLE 31.-Physiological Ejfects of Argon

[AFTER RINFRET AND OOEBBLER 3_4]

Biological system Partial pres) Effect

sure, atm

Man ....................................................................

Man ....................................................................

Mouse .................................................................

Frog .....................................................................

Drosophila (fruit fly) ...............................................

Tenebrio (meal worm) ..............................................

Tenebrio ................................................................

Tenebrio ................................................................

Mormoniella (wasp) .................................................

Mormoniella ...........................................................

Mormoniella ...........................................................

Cnemidophorus (lizard) .............................................

Coleonyx (lizard) .....................................................

Sitophilus igranary weevil) ........................................

Yeast ....................................................................

Frog spinal cord preparation ......................................

Frog peripheral nerve ...............................................

Mouse brain, liver, and sarcoma slices .......................

Allium cepa (onion) root ...........................................

Rat nerve ..............................................................

Rat nerve ..............................................................

the different tissues studied. Yet, in spite

the severe narcotic effect of xenon, there was no

change in oxidation or uncoupling of phosphoryla-
tion in brain tissue studied in vitro. 2sa

Recent studies on unicellular and microbial

organisms have added a new facet to the inert-

gas effects on metabolism. Sears and Gittle-

son 399 found that 1000 psi of argon, nitrogen, or
helium have little effect on the movement of

paramecia. However, less than 250 psi of xenon

produces a decrease in movement leading to

"narcosis" of the creatures. Apparent expan-

sion of the cell borders of these organisms lends

some credence to the hypothesis that decrease
in surface tensions of films and membranes

with subsequent expansion is a key factor in

the action of these gases.
Schreiner and his associates aSS.3sT.ass, agl

studied the longitudinal growth of Neurospora

crassa hyphae as a model system for quantita-

tive inert gas effects. The findings, summarized

in figure 31, indicate that a linear relationship
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< 92.0

.8

10.0

> 96.0

.8

.95

75.0

12.6

310 to 340

of

Slight narcosis

None

None

Inhibition of encephalographic panerm

No effect on 02 consumption, slight acceleration of

development

Slightly increased Oz consumption: decreased or in-

creased CO2 production depending on stage of life

cycle and nutritional state: accelerated development

or no effect on development

Delayed development

Delayed development

None

Delayed development

Delayed development

Decreased CO2 production

Decreased CO,2 production

Narcosis: death at 92 atm

None

Reversible block of reflex action

None

Slightly increased O_ consumption: sligbtly decreased

anaerobic glycolysis

Prod. c-pairs: inhibition mitosis

Response to electric shock bhwked

Fiber conduction bhwked

exists between growth rate and the square root

of the molecular weight of the inert component

of the gaseous environment. It was speculated

that the square root of the molecular weight

represents a diffusion characteristic of the gas

as controlling the growth rate. That other than

diffusion properties were involved is indicated

by the fact that sulfur hexafluoride, a metab-

olically inert gas of molecular weight 146.1

(Xe= 131.3), had no more effect on the growth

rate than nitrogen.

SchreineraSS has reported that in preliminary

studies with HeLa cells the growth is altered

under 70 atmospheres of inert gases. The re-

sults are quantitatively similar to those given by

Neurospora crassa where growth inhibition in-
creased in the order: He <Ne < A < Kr < Xe,

Schreiner is inclined to feel that interference

with oxygenation may be one of the key factors.

He cites the work of Eberl and Howard, Is4 indi-

cating that in the po, range from 0 to 100 mm Hg,
cellular radiosensitivity in('reases nearly three-
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TABLE 32. -- Biological Effects of Xenon

[AFTER RINFRET AND DOEBBLER 364]

Biological system Partial pres- Effect
sure, atm

Man .........................

Mouse......................
Dog ..........................

Cockroach .................

Drosophila (fruit fly) .....

0.8

0.6-0.8

0.8

3.1

0.8

a 0.8-0.95Mouse liver, brain

slices.

Mouse - sarcoma

slices.

Guinea-pig brain ho.
rnogenate and mito-

chondria.

Rat nerve ..................

a 0.8-0.95

0.8-0.95

12.0

Anesthesia

Partial narcosis

Partial narcosis

Partial narcosis

Decreased 02 con-

sumption

Increased 02 con-

sumption; de-

creased anaerobic

glycolysis

Increased 02 con-

sumption; slightly

decreased anaerobic

glycolysis

No effect on O_ up-

take or on oxida-

tive phosphorylation

Decreased respiration:

blockage of impulse

transmission

aGlycolysis measured anaerobically in 95 percent xenon

and 5 percent carbon dioxide.

fold with most of the increase occurring between

0 and 20 mm Hg. This investigator showed that

the radiosensitivity of several types of living

cells, including plant tissue, ascites cells, and

bacteria, exposed to an environmental po_ of

I I I I

eurospora crassa 5297a

_ 3
E

pCO_<_ 3 mm _ _"_,,_Kr

2 pO_ o 36mmHcj
primO--3ZmmHcj o_'_,_._ _

zP _ /60 mm l-lg

t- 30oc

1 I I I I I
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Square rootof molecularweightofgas

FIGURE 31.--Growth response of Neurospora crassa

5297a in the presence of gases of the heHuna

group. The computed standard deviation o[

regression is -A:0.0651 rnm/hr. Differences in

growth rates due to the nature of the gas

present (p<O.O1). (AFTER SCHREINER ET AL. 391)
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160 mm Hg is significantly reduced in the pres-

ence of metabolically inert gases. The concen-

trations of these gases needed to reduce the

oxygen-dependent radiosensitivity of the bean

(Vicia faba) root are listed in table 33. Since

no change was made in the po2 of the gas mixture

surrounding the tissues during irradiation, the

conclusion drawn by these authors, admittedly

tentative in nature, is that these gases may be

capable of displacing oxygen from subcellular
sites. Because these effects correlate with

lipid solubility (table 2), Ebert and Howard feel

that these sites are probably lipid in nature and

possibly nuclear in location.

Schreiner indicates that the cellular growth

of molds is likewise an oxygen-dependent phe-

nomenon in that no growth occurs in the absence

of oxygen and nearly normal growth is usually

seen at a po_ of 40 mm Hg. He borrowed Ebert's

concept and postulated states of "subcellular

hypoxia" created by the physical displacement of

oxygen by metabolically inert gases from sub-

cellular sites for which they have a great affinity.

He visualized these gases as occupying physi-

cally selected cellular or subcellular sites,

thereby denying oxygen molecules access to

centers of oxidative metabolic activity. The

extent to which a gas could exercise such a

blocking action would depend fundamentally

on its polarizability which determines the degree

of its interaction with the cellular environment

as expressed by such parameters as solubility

or distribution coefficients. It so happens that

in the inert-gas group, polarizability increases

with increasing molecular weight.

TABLE 33.-Radioprotective Effect of "Metab-

olically Inert" Gases
[AFTER EBERT AND HOWARD 154]

Gas Pressure for 50 per-
cent effect, a atm

Helium ..........................................

Hydrogen .....................................

Nitrogen .......................................

Argon ...........................................

Xenon ..........................................

Krypton ........................................

55

55

12.5

2

1

2

Pressure of metabolically inert gases added to 1 atmos-

phere of air to reduce the oxygen-dependent radiosensitivity

of Vicia faba roots by 50 percent.
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The polarizability of other gases cannot be

related directly to their molecular weight; sulfur

hexafluoride shows low polarizability, and, as one

would expect, low solubility in water. The

absence of a striking effect of this gas on Neuro-

spora crassa growth is, therefore, not surprising.

Nitrous oxide, on the other hand, is a permanent

dipole with a high degree of polarizability, and

one would expect a pronounced growth effect.

Schreiner found that this gas completely inhibits

the growth of Neurospora crassa at a pN2o of 0.95

atmosphere.S9s, sl

The oxygen displacement hypothesis has been

studied further, sss Experiments conducted

with helium and nitrogen at pressures ranging

up to 1775 psia indicate that the growth retar-

dation of Neurospora crassa by krypton and
xenon cannot be related to a critical intracel]ular

concentration of metabolically inert gases. In

the presence of an initial Po._ of 3 psia, nitrogen

at a partial pressure of 1772 psia reduces the

linear mycelial growth rate of the mold by 27 +- 6

percent (range: 21 to 33 percent). Helium at a

partial pressure of 1760 psia inhibits this param-

eter by 42_+ 2 percent (range: 41 to 44 percent).

The difference in the growth effects produced by

helium and nitrogen under pressure is statis-

tically significant (p=0.05). Respiratory meas-

urements indicate a shift in respiratory quotient

as the gaseous environment is changed from air

(RQ=0.75) to 1772-psia nitrogen and 3-psia

oxygen (RQ = 1.42), and then to 1760-psia helium

and 15-psia air (RQ= 2..05), indicating the asso-

ciation of metabolic changes with the observed

growth effects. It is not clear at this time why

helium, contrary to its behavior at ambient pres-

sure, should under increased pressure have a

biological effectiveness surpassing that of nitro-

gen. It is still not clear whether the polariza-

bility factor is involved in displacement of oxygen

from critical site or in the distortion of hydrate

films about enzymes and their supporting mem-

branous structures. The effect of the gases on

tyrosinase must also be accounted for. sg°

Schreiner sas, s94, ss9 has continued these

studies with the observation that 80 percent

krypton and 80 percent xenon mixtures with

oxygen decrease the protoplasmic streaming

within the hyphae of Neurospora crassa while

growth is being inhibited. There also appears
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to be an adaptation to the gas in that after a time

the mold seems to gradually resume mycelial

growth, albeit at a much reduced rate. Tran-

sient alteration of the sol-gel relationship within

a cell with resultant changes in cytoplasmic

streaming is another effect of inert gases that

must be accounted for by any overall theory of
action.

It is still not clear whether or not the metabolic

changes brought about by the inert gases are all

caused by the same molecular mechanism.

Interspecies differences, intertissue differences,

and subtle differences in physical apparatus

used in the experiments are no doubt confusing

the issue. It would appear that solution of the

molecular mechanism will open a new era in our

understanding of gaseous anesthesia, diving

narcosis, and effects of chronic exposure to space-

cabin environments utilizing unusual inert gases.

CHRONIC EXPOSURE TO INERT GASES

In the preceding sections, the scene was set

for the many possible toxic effects that may be

expected from unusual inert gas environments

in a space cabin. How many of these narcotic

or subtle metabolic changes have actually been

found in long-duration exposures of men and

animals? In light of the discussion in chapter 2,

it would appear that only helium and neon are

likely candidates as substitutes for nitrogen in

space cabins. These will, therefore, be the

prime focus of this discussion.

In 1928 Hershey 22s,229 reported that mice

breathing 80 percent helium and 20 percent

oxygen could survive on this mixture as well as

in air. Barach repeated these studies for as

long as 40 days and found no gross changes in

the growth or oxygen consumption of mice.
These studies led to the use of therapeutic

helium-oxygen mixtures in bronchoconstrictive
disorders. The studies of Cook and associates

were covered in great detail in the second sec-

tion of this chapter. I1s'11_'4_4 Mice kept in

various helium-oxygen environments showed no

changes other than those accounted for by ex-

cessive heat loss due to high thermal conduc-

tivity of the atmosphere. Appropriate thermal
control relieved the hypermetabolic state.

More recently, Schreiner :_ss has kept mice at

sea level on mixtures of 80 percent helium and
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20 percent oxygen (less than 1 percent nitrogen)

for several generations. Initial findings show no

gross biochemical differences between these

mice and those on air with the exception of minor

changes in albumin-globulin ratio of serum and

abnormality in the electrophoretic patter of

heart-muscle protein. There has been no change

in fertility, and animals have bred normally and

given birth to litters as large as those of control

mice on air. However, starting at an age of 65

days a significant loss in weight was noted. 39°

The serum and heart-muscle changes are being

followed up with further study.

The helium-oxygen atmospheres at higher

pressures also appear to be relatively free of

side effects in animals. As discussed in chapter

2, Workman et al. 4s5 exposed colonies of rats,

guinea pigs, and squirrel monkeys at 200 feet

of water pressure to mixtures of 97 percent

helium and 3 percent oxygen for periods of 2
weeks. All animals survived and were free of

physiological and pathologacal lesions in excess of

endemic findings in controls. No narcosis was

seen in any of these animals even after 14 days.
Subacute exposures to neon have been limited

to the study of Young et al.47_ reviewed above.

The preliminary aspect of this study and the

equivocal results preclude a definitive discussion

of this gas.

Human studies of chronic exposure have, for

the most part, been performed in support of

"underwater living" projects. In 1963, as part

of the Conshelf II Project, Cousteau and his

coworkers studied two subjects at a depth of 90

feet for 1 week. A helium-oxygen mixture was

used. In spite of the 100-percent humidity,

there appeared to be no symptoms or major

complaints. The change in voice frequency

(see below) appeared to be the most disturbing

aspect of the study. Working dives at 165 feet
and maximum-effort dives to 360 feet on helium-

oxygen were well tolerated during this 2-week
period. Plans for Conshelf III will take five

men on helium-oxygen to 165 feet for 2 weeks.
Conshelf IV will be at 330 feet for 2 weeks with

penetrations to 525 feet.

In the Man-in-the-Sea Project, two divers re-

mained at 432 feet of water on a 3.6-percent

oxygen and 96.4-percent helium mixture for 2 days

without gross physiological difficulty. 28s' 304,138
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The divers' speech was unintelligible at depth:

In phase A of Project Genesis I, 79 percent

helium and 21 percent oxygen was breathed for

6 days. Voice changes were the only major

difficulty encountered. 3r6 In Sealab I studies,

four men lived in a 9-foot-diameter by 40-foot

cylinder for 11 days at an underwater depth of

193 feet in a mixture of 79 percent helium, 17

percent nitrogen, and 4 percent oxygen. 332

There were few significant medical findings. As
noted in previous chamber runs and in Cousteau's

studies, subjects showed an initial decrease in

pace of activity and a sense of increased fatig-

ability early in the study. These symptoms are

reported to have diminished day by day. There

appeared to be an increase in sensitivity to subse-

quent nitrogen narcosis after living in a helium-

oxygen environment. No hematological defects
were found. The absence of hemolytic disorders

previously reported by Cousteau is attributed

to the better control of oxygen at a level less than
210 mm Hg.

Finally, recent laboratory studies were per-

formed upon two men exposed for 2 days to 3

percent oxygen in helium at a depth of 650 feet

of sea water followed by 6 days of decompres-

sion. 2'z Results were as predicted for subjects
breathing gas 3.8 times as dense as air at sea

level. Maximum voluntary ventilation was

reduced 59 percent and timed vital capacity also
was reduced to a lesser extent. No reduction

was seen in forced vital capacity; volume-flow

loops were changed in shape, but returned to

normal with reduction in density. No signs of
narcosis were noted.

Long-duration exposures to helium atmos-

pheres at altitude began with the use of a helium-

nitrogen-oxygen mixture in Project Man-High. s, 403

A mixture of 170 mm Hg oxygen, 79 mm Hg

helium, and 20 mm Hg nitrogen with a total

pressure of 269 mm Hg was breathed for 10

hours with no obvious difficulty resulting from
the mixture.

In 1964, the Russians reported two studies of

22 and 33 days' duration in cabins, containing

at one point 22.5-percent oxygen, 76 percent

helium, and 1.5-percent nitrogen.,_7, z70 Two

subjects remained in this helium atmosphere
for totals of 10 and 25 hours. The concentra-

tion of carbon dioxide in this atmosphere did
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not exceed 0.7 percent and humidity was held

at 30 to 60 percent. Subjects wore cotton

jersey underwear and sweatsuits.

It was demonstrated that at temperatures of
18 ° to 24° C (65 ° to 75 ° F) the usual comfort in

air was replaced by a chilly sensation. At a

cabin temperature of 25 ° C (77° F), the average

skin temperature was 2 ° C lower in these sub-

jects than in air at the equivalent temperature.

The zone of thermal comfort in periods of wake-

fulness was 24.5 ° to 27.5 ° C (76 ° to 82 ° F), while

at night, during sleep, it ranged from 26 ° to 29° C

(79 ° to 84 ° F). These findings represented a
reduction in zone of thermal comfort of about

3° C below that usually found in air environments.

Body temperatures remained in the 36.2 °

to 37 ° C (97.2 ° to 98.6 ° F) range. It was reported

that the test subjects detected atmospheric tem-

perature changes more rapidly than in air.

Exercise at a comfortable temperature produced

a sensation of warmth more readily in the helium-

oxygen environment than in air, but return to

comfort after exercise was also more rapid.

Numerous studies of nervous, cardiovascular,

and respiratory function were performed. What-

ever changes occurred could be attributed to

the hypodynamic environment and isolation

rather than to the helium and oxygen. 2sl,ls4

There was a significant change in speech ex-

pressed by a shift in spectrum to the high fre-

quencies by an order of 0.7 octave. Intelli-

gibility of speech decreased but was not intol-

erable. No change in auditory function was
noted.

Subsequent studies of this group related to

effects of helium-oxygen environments in space-

suit cooling. Two subjects remained in space
suits for 8 and 24 hours on the same helium-

oxygen-nitrogen mixtures as those used in the

cabin. The same subjects also breathed air.

During the course of the thermal balance ex-

periments in the air medium, the temperature
in the airtight cabin was maintained at a level

of 27 ° to 30 ° C (81 ° to 86 ° F) and the ventilation

of the space pressure suit was kept at a level of

160 to 180 l/rain. The temperature of the air

at the inlet to the space pressure suit fluctuated

around 22° C (72 ° F). Under these conditions,

the bodies of the test subjects experienced over-

heating. Their reaction to heat was one of "dis-

comfiture," abundant perspiration was noted, and

body temperature rose to 37.2 ° to 37.4 ° C (99.0 °

to 99.4 ° F). In the calculation of the heat

balance, an accumulation of heat of up to 2 kcal/

hr was noted in the test subjects. During the 24-

hour experiment conducted in a helium-oxygen
medium at the same values for the ambient

temperature and the ventilation of the space

pressure suit, the subjects experienced no dis-

comfort due to heat, although the temperature

of the gaseous mixture at the inlet to the space

pressure suit was 3 ° C higher (25 ° C or 77° F)

than in the analogous experiment in an air

medium. When the temperature of the gas-

eous medium at the inlet to the space pres-

sure suit dropped to 22 ° C (72 ° F), the test sub-

ject evaluated his reaction as "cool." During

the 8-hour experiment in a helium-oxygen me-

dium, the reaction to heat on the part of the test

subject was one of comfort, despite the fact that

the ventilation of the space suit was lower by a

margin of 60 to 80 l/min, while the temperature

of the gaseous mixture at the inlet to the space

pressure suit was higher by a margin of 4 ° to 6° C

than in the analogous experiment in an air
environment.

In these experiments with the helium-oxygen

medium, the temperature of the body and the

skin of the test subjects exhibited no significant

change, while the losses of moisture were lower

by a factor of 40 percent. There was no accumu-

lation of heat in the bodies of the test subjects

and a negligible heat deficit was actually noted.
From consideration of the thermal factors in

space-suit design 367 it would appear that the

40-percent reduction in moisture loss resulting

from the helium-oxygen mixture may indicate

a design where thermal conductivity at the skin-

gas interface is somewhat restricted. Dr. Wortz

of the AiResearch Manufacturing Co. agrees

with this opinion. However, the rate of evapora-
tion of water has been shown to increase with

increasing molecular weight of the gas phase and

may be a factor in this case. zs4, _5.299

Studies of helium-oxygen environments are

currently underway at the U.S. Air Force School

of Aerospace Medicine, Brooks Air Force

Base, 44s at the Douglas Aircraft Co., _z9 and at the

AiResearch Manufacturing Co. 4z9 These are

being conducted in the range of 7 psi with a
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mixture of 50 percent oxygen and 50 percent
helium. In all of these studies there has been

an inward leak of nitrogen amounting to several

percent of this gas in the final mixture. In the
longest of these studies at the School of Aero-

space Medicine, subjects were exposed for 15

days at 7.3 psi to a mixture of 51 percent helium

and 46 percent oxygen, with from 3 to 10 percent

nitrogen. There appears to be no gross physio-

logical change evident. Slightly discernible

voice changes have been noted. Studies of 56

days on 70 percent oxygen and 30 percent helium

at 5 psia are being planned. 44s Results of all

these current studies will be covered in part
IV of this series.

A final question to be answered is the specific

requirement for at least trace amounts of nitrogen

gas for long-range survival of organisms. The

studies,of Allen, s Boriskin et al., TM Hiatt, z31,232

and Wright 467indicate that survival and develop-

ment are possible with helium as the only inert

gas if the atmosphere is contaminated with the

same trace amounts of nitrogen as present in

these experiments. Helium and neon gas are

available with nitrogen impurities as low as 50

ppm by' volume, zs_ Oxygen is available with

less than 0.01 percent total impurities. Use

of such gases in future studies may help to

answer this question regarding the requirement

of trace amounts of nitrogen.

One must keep in mind, however, the related

problem of oxygen toxicity. This subject has

been covered in detail in the first report of this

series on the "Selection of Space-Cabin Atmos-

pheres." 369 The role of inert gases in atelec-

tasis in both normogravic and hypergravic
environments was reviewed. The role of inert

gases in radiosensitivity was also covered.

Therefore, these subjects are not discussed in

any detail in this report.

As was pointed out in part I of this series, the

choice between helium, neon, and nitrogen does

not depend in any significant way on the radio-

protective aspects of these gases at the partial
pressures anticipated for space vehicles. In fact,

100 percent oxygen at 5 psi has been recently
shown in mice to be no more hazardous than air

during exposure to 250-kvp X-rays. 256 The follow-

ing references are a supplementary list of papers

which amplify the radioprotective aspects of

inert gases at very high pressure. 153,154,161,334,361

The significance of this concept to the theory of

inert-gas narcosis has already been covered in

this chapter.

In conclusion, it can be stated that the most

marked effect of helium and possibly neon on

the metabolism of intact homoiothermic orga-

nisms is the stimulation of oxidative processes by
increasing the rate of heat loss. This thermal

conductivity factor will be discussed in greater

detail in chapter 4. There is, however, a direct
effect on the oxidative metabolism of tissues

which can be separated from the heat-loss factor

in studies of isolated tissues. This more direct

metabolic factor may be related in some as yet
undefined way to inert-gas narcosis. In the

space-cabin environment, it would appear that
neither the heat-loss nor "narcotic" factors are

serious enough to preclude the use of helium in

the atmosphere for periods of at least 15 to 30

days. Because a potential metabolic distortion

does exist, it would be well to substantiate more

prolonged use of this gas with adequate experi-
ments on humans.

The use of neon gas on humans for prolonged

periods of time is definitely not justified without

more animal studies. The single study by Young
et al. 475 indicated presence of a toxic factor which

may or may not be related to the neon per se.
Extension of these studies is most desirable.



CHAPTER4

Engineering Implications of the
Inert Gases in Space Cabins

Use of

THE PRIME CONSIDERATIONS of inert-gas physi-

ology in the engineering of space cabins were

covered in the first three chapters. They are

decompression sickness, explosive aecompres-

sion, ebullism, blast, and metabolic changes in

long-range missions. This chapter discusses

the secondary biophysical properties of the inert

gases which may play a role in engineering de-

cisions on cabin design and atmosphere selec-
tion. These effects include some which have

already been mentioned in chapter 3. They are

thermal control, voice changes, sound trans-

mission, and leak rate.

THERMAL CONTROL

As indicated in chapter 3, the major difficulty

observed with helium in long-duration exposure

to the gas is thermal control. Homoiothermic

animals tend to lose heat to a helium-oxygen en-
vironment at a faster rate than to an air environ-

ment and to compensate by increasing metabolic

rate and oxygen uptake. The physical data on

thermal conductivity of the inert gases were

presented in chapter 1. From table 1 and the

appropriate kinetic theory equations cited, the

thermal conductivity of any mixture of any inert

gas and oxygen may be determined. Figure 1

of this report is the result of such a calculation

for the monatomic inert gases and oxygen. It

can be seen that at the same pressure, the

thermal conductivity of a 50-percent helium and

50-percent oxygen mixture would be 1.7 times

that of a mixture of 50 percent neon and 50 per-

cent oxygen, and from molecular-weight con-

siderations, about twice the thermal conductivity

of a mixture of 50 percent nitrogen and 50 percent

oxygen. The presence of oxygen with about the

same thermal conductivity as nitrogen tends to

damp out the thermal conductivity differences

between the inert gases in these oxygen-enriched
mixtures.

The Russian data presented in chapter 31z7
indicated that the comfort zone in an environ-

ment of 80 percent helium and 20 percent oxygen

at 1 atmosphere was about 3 ° C less than that

found in air at sea level. In a cabin with a pres-

sure of 7 psi and an atmosphere of 50 percent

helium and 50 percent oxygen, this effect should

be markedly decreased. Reduction of skin

temperatures in cool environments also should

not be as great as the Russians found.

The thermal studies of Epperson 158at the U.S.

Air Force School of Aerospace Medicine, during

the 15-day experiments, with an atmosphere

of 51 percent helium, 46 percent oxygen, and 3

percent nitrogen agree with this prediction. 44s

Epperson is preparing a definitive report on these

differences for future publication and was kind

enough to permit the presentation of his results.

The subjects expressed no specific feeling about

changes in comfort zone during these studies

at altitude. At rest, the difference between

skin temperature and air temperature was 6.75 °

F in a mixture of 79 percent helium and 20 per-

cent oxygen at altitude, and 5.5 ° F in 79 percent

helium and 20 percent oxygen at ground level.

With exercise, differences in temperature be-

tween the two gas mixtures disappeared. The

skin-temperature differences at altitude in a

mixture of helium and oxygen were essentially the

same as those for equivalent composition of

nitrogen and oxygen. Cabin temperatures se-

lected by subjects as comfortable tended to be

about 75 ° F as compared to 73° F for equivalent

oxygen and nitrogen mixtures.
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Therefore, it would appear that thermostatic

control of the cabin would require a temperature

setting of a few degrees higher and possibly a
narrower deadband width in cabins with a 50-50

mixture of helium and oxygen compared with the

nitrogen-oxygen environment. In cabins at sea

level a shghtly higher temperature and even

narrower deadband width would be required.
Because of the differences in thermal conduc-

tivity, however, the blower requirements of the

air-conditioning system will be altered. The

power, volume, and weight tradeoffs involving

this factor will be covered in part IV of this

series, supported by a complete thermodynamic

analysis of man in these unusual gaseous
environments.

VOICE AND SOUND TRANSMISSION

The "Donald Duck" characteristics of the

voice while breathing helium in diving operations

have always been a problem. 41 Several studies

of voice changes in helium-oxygen atmospheres

at or below sea level have been presented. 4a' 144,-
14s,3r_,376 One can summarize these studies

by indicating that speech quality is determined

by the oscillatory frequency of the cavities of

the mouth, nose, throat, and larynx. The laryn-

geal muscles controlling tension on the vocal

cords are trained from childhood to produce

different tones in the resonating systems. The

output of these systems is fed back to the speaker

via the ear. and speech is modified to attain the

learned pattern for each individual. Modifica-

tion of either the cords or resonating cavities

can alter the quality of this sound.

As a first approach to the problem, the air

passages may be considered as a simple tube.
The wavelength of a resonating air column de-

pends on the volume and length of the column.

The dimensions of the resonating passages of

the upper respiratory tract can be little altered

voluntarily. The frequency of the sound pro-

duced by a vibrating air column is proportional

to the velocity of gas/wavelength of sound. The

velocity of sound, in any "perfect" gas mixture,

can be obtained by the equation 4z5
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where

T absolute temperature

y ratios of specific heat

p equilibrium pressure

yp adiabatic bulk modulus

d equilibrium density

R universal gas constant

M molecular weight

These values for individual inert gases may be

obtained from table 1. The value of T for oxygen

is 1.41, and the density at 1 atmosphere is

0.001429 g/cm 3. The sound velocities for the

inert gases are also recorded in table 1. From

table 1 it can be seen that for any given wave-

length, the frequency for pure helium should

be three times greater than for pure nitrogen.

When 20 percent oxygen is added at sea level,

this theoretical ratio reduces to 1.8 to 1. Ex-

perimentally, the ratio turns out to be 1.5: 1._75

This difference can be partially explained by

the fact that the audiovocal feedback system may

alter the frequency of the vocal cords in response

"to the higher audible frequency and bring about

the altered frequency. The resonant systems

of the human are probably not ideal and may also

alter the ratio from the theoretical values.

Dilution of helium by nitrogen in the alveoli may
have also been involved. 4'_

Several detailed reviews of the mechanics of

phonation are available. "_ Wathen-Dunn has

recently reviewed the physical effects of the

simultaneous alteration of pressure and density

of gas on the formant frequency of vowels. 444

He points out that the relationship between the

formant frequencies of the different sounds, not

their absolute values, is probably important in

determining intelligibility. Intelligibility fails

when the relative formant frequencies are shifted

beyond a given bound. Wathen-Dunn suggests

that the above equation is not adequate for ex-

plaining the effect of pressure on speech. This

equation indicates that the sound velocity in

a gas depends on the product of 3' and the ratio

of pressure to density. Since density is a func-

tion of pressure, any variation in velocity should

be caused only by variations in % Because T

for air changes little with pressure 1_" and assum-

ing this is also true for helium-oxygen mixtures,

the formant frequencies would be expected to
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be independent of pressure. Speech in com-

pressed air belies this prediction. By treating
the vocal tracts as Helmholtz resonators where

the impedance of the wall of the vocal tract

provides a fixed mass reactance in parallel with

the mass reactance of air in the oral cavity or

neck of the resonator, it was shown that the min-

imum formant frequency at a given pressure is

equal to the frequency at 1 atmosphere times the

square root of the ambient pressure in atmos-

pheres. This would account for the pressure
effect at depth.

Altitude would, therefore, be expected to

reduce only slightly the minimum formant fre-

que/}cy for a gas mixture of given percent com-
posi(ion. The physical factors determining

intelligibility of speech are so complicated that

no quantitative predictions can be made of intel-

ligibility from first principles. Since the velocity

of sound in 50-50-percent mixtures of oxygen and

helium at 380 mm Hg is increased by only 35
percent above that at sea-level conditions in

air, little change in voice is expected.

Divers actually learn to alter their voices to

lower the frequency and modify the nasal quality.

Expert divers take great pride in this ability. 37

Aftcr several periods in a mixture of 80 percent

helium and 20 percent oxygen at sea level, even

novice divers learn to improve the intelligibility

of speech, 376but supplementary means are often
required for higher pressures of helium.

Experience with helium-oxygen at altitude has

been limited. In practical diving at depths

great enough to make speech unintelligible with

helium-oxygen alone, speech of the divers is

improved by adding a small fraction of nitrogen
to the gas. For situations in which continuous

administration of nitrogen is undesirable, Lam-

bertsen devised a speech-improving procedure

involving partial washout of pulmonary helium

by a nitrogen-containing mixture. This pro-

cedure, used for periods of critical speech, was

employed in the Man-in-the-Sea Project. 13s A

further gain has been accomplished by substi-

tuting periods of neon-oxygen breathing to improve
speech without risk of severe narcosis. This
has been utilized at 650 feet 212 and at 300 feet

in Cousteau's Conshelf III studies. Electronic

modification of helium speech is also under

study. 193
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The recent studies of Cooke and his coworkers

have clarified the problem somewhat.n7,11s, n9

Subjects exposed in a small decompression

chamber to an atmosphere of 50 percent oxygen

and 50 percent helium at a total pressure of 395

mm Hg were given test digits over earphone sets.

There were no errors and no reported reduction

in subjective intensity. Slight modification of

tone was noted. Conversation at a distance of

73 cm (2 ft) was also normal. No significant

degradation of intelligibility was noted. '19

Voice studies at altitudes while breathing 50

percent helium and 50 percent oxygen were

performed during the recent 15-day experiments

at the U.S. Air Force School of Aerospace Medi-

cine, by Welch and coworkers. 44s Dr. Nickson

of the Acoustic Laboratory at Wright-Patterson

Air Force Base is currently reviewing the data.

A general analysis of the mechanics of phonation
is available, s¢

Sound transmission can be affected by tem-

perature, pressure, gas compostion, and many

other changes in an atmosphere. The acoustic

impedance of a gas was defined in chapter 1,

and comparative values for several inert gases

are given in table 1. Calculations of mixtures

of gases under specific atmospheric conditions

can be made, but they are beyond the scope of

the present discussion. 240 The degradation of

sound by absorption or attenuation occurs by
conversion of organized systematic motions of

the particles of a medium into random thermal

agitation. Viscosity, heat conduction, diffusion,

radiation, and many other factors play a role.

Theoretical formulation requires that 12 absorp-

tion factors describing the classical absorption
coefficient be combined with 6 or more factors

describing intramolecular interactions to give a

total absorption coefficient. Needless to say,

such an exercise can be avoided by restricting
the data to several well-defined variables in a
fixed environment.

Cooke 117,11s studied the attenuation in a small

chamber (2-foot transmission path) using a white

noise generator of 3.13-watt output. The at-

mospheres were all mixtures of 50 percent inert

gas and 50 percent oxygen. Barometric pres-

sures and sound pressure levels at the sound

meter pickup are recorded in figure 32.

Figure 33 indicates the attenuation of sound
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FIGURE 32.--Sound pressure levels (random noise)

in di#/erent gases at reduced barometric pres-

sures (74 dB=l dyne/cm _ above 0.0002 dyne/

cm_). (AFTER CO0_E.U 8)

For intense noise of booster firing, there may be

some practical value in having helium-oxygen

atmospheres present in a cabin. On the other

hand, for speech levels of intensity there will

be little impairment over relatively short dis-

tances. There may even be a reduction of back-

ground noise which will more than compensate

for the slight decrease in sound intensity at the
ear of the listener.

In summary, significant problems would not

be expected in intelligibility of the spoken voice

in space-cabin atmospheres of 50 percent helium

and 50 percent oxygen mixtures and even fewer

in 70 percent oxygen and 30 percent helium mix-

tures. Less distortion would be expected with

neon-oxygen mixtures. For higher sound in-

tensities, there may actually be some advantage

to the helium-oxygen mixture in cabins from in-

creased sound absorption.

generated from two speakers of different im-

pedances (8 ohms and 16 ohms) at similar power

outputs (1.0 and 1.1 watts) in 50 percent helium

and 50 percent oxygen and in 50 percent nitro-

gen and 50 percent oxygen. It is seen that for

each gas mixture there was very little difference

in the pressure coefficient of attenuation. He-

lium attenuates the sound most severely. These

decibel values are for a 2-foot transmission path:

longer paths cause greater attenuation of sound.
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FIGURE 33.--Comparative sound levels produced

by an 8-ohm speaker at 1.1 watts and a 16-ohm

speaker at 1.0 watts in two gas mixtures at

reduced barometric pressures• (74 dB: l dyne/

ca 2 above .0.0002 dyne/cm_). (AFTER COOKE. us)

LEAK RATES OF GAS

One of the limiting factors in the survival of

astronaut crews after penetration of cabins by

meteoroids is the leak rate of gas from the cabin.

Adequacy of gas supply may determine time

available for return to Earth. The engineering

tradeoffs for each gas mixture also depend on

the minimal leak rate of gas around seals and

penetrations as determined by the state of the

art of sealing techniques. How does the inert-

gas factor play a role in determination of this
leak rate?

There has been some disagreement as to the

appropriate equations for describing the effect

of cabin composition and pressure on leak rates.

There is a choie'e between the sonic orifice eque

tion for larger holes and pure diffusion equation.

for the smaller holes. It appears appropriate

to review the development of an equation that

can express the difference in mass leak rate of

any mixed gas system.

Dryden et al? 4s attempted to calculate the

leak rate of any cabin atmosphere by using a

sonic orifice equation for steady flow. In this

calculation the molal rate of leak of dry gas per

hour L is defined by the equation for an ideal gas:

(A)L= 3600 p _ /x= 25 P,. AIzlRTe (34)
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where

p density, moles/cu ft
A effective leak area, in. 2

ft velocity of flow, ft/sec

Pc cabin pressure, atm

R gas constant, atm = ft3/lb-mole-°R

Tc temperature of cabin, °R

By rearranging the variables in terms of Mach

number, M

Pc Ag/RTc=46.2 (7g/mRT) °5 (PcAM) (35)

where
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where 8c is the ratio of absolute pressure to

standard value of 1 atmosphere.

From table 1, the value of 7 for the inert gases

is 1.66; for nitrogen and oxygen, 1.4. Therefore,

for any nitrogen-oxygen mixture, equation (39)
reduces to

(L/ScA)N,-O, = 191/(may) °'5

where

may 28 + 4z

z the mole fraction of oxygen

In dealing with helium, the average 7 of the

mixture (Tar) is determined by

7 ratio of specific heats

g gravitationalconstant, 321b/slug

m average molecular weight of gas

For critical isentropic flow, the Mach number is

unity

Pc = Pd(2/T -4-1)_(_.-_)

where Pd is dry cabin pressure,

and

T=Tc(2/7+I)

Substituting equations (35),(36), and (37) into (34)

yields

Tav= 1.411 -- 0.288(1 -- Z)]/[1 -- 0.399(1 -- Z)]

and

may = 4 + 28z

It is obvious from th e may factors that for nitro-

gen-oxygen atmospheres, the percent composi-

(36) tion will not change the leak rate significantly

on a weight cr molar basis. The percent compo-

sition of helium, on the other hand, will affect the
flow rate and there will be a distinct difference

between mass and molar flow. Figure 34 gives

the flow rate on a weight as well as a molar basis

(37) for helium-oxygen and nitrogen-oxygen mixtures

of varying composition.

A leak parameter for a 0.1-in. 2hole, L/(A/O.1)(Sc),
is used to eliminate the factors of hole size

L = 1160 (yg/mR T) °'5(PdA)(2/7 + 1)(_ + _)/2(v- _) (38)

The total pressure and temperature may be

considered equal to the cabin pressure and tem-

perature. The cabin pressure used is the cor-

rected pressure (Pd) and temperature is equal
to 540 ° R. The coefficient of discharge for

sharp-edged orifices handling compressible

fluids at pressure ratios in excess of 5 is assumed

to be nearly constant at 0.85. Equation (38)

may, therefore, be written as

L/ScA = 279 (7/m)°'s2(7 + 1)] (y+l)/2(y-1) (39)

110 _ i i __t .... _ 9
- - .............. 8 ,:_

-C 80 _. /Cabin atm __ 6 _'_'_

_ 60 4 _'_

50 --7--C---F---'i .... r ---_ 3
0.2 0.4 0.6 0.8 1.0

Mol fraction O_ in cabin atm

FIGURE 34.--Variation in cabin leakage parameter

wlth cabin oxygen concentration lot oxygen-

nlttogen and oxygen-heliun_ atmosphere. (AF-

TER DRYDEN ET AL. 143)

246-8290-67--8
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and pressure ratio. For a mixture of 50 percent

oxygen and 50 percent inert gas, the molar leak

rate ior helium-oxygen is 4.5/3.5=1.3 times

greater than for the nitrogen-oxygen mixture.

The pound leak rate is 8.4/6.3 = 1.3 times greater

for the nitrogen-oxygen mixture than for the

helium-oxygen mixture. These differences will
be much smaller for neon than for nitrogen.

Several other calculations of cabin leak rates

have made use of the sonic orifice equation. Cul-

lins 1.,7used essentially the same equation as did

Dryden et al. (eq. (38)) in calculating the mass

flow of gas through meteorite punctures, assum-

ing compressible flow through a nozzle with

infinite pressure ratio. Joule-Thompson throt-

tling with constant internal orifice was used in

a constant pressure equation to give the leak

rate for constant mass flow.

These equations cover the case of flow through

an orifice in a wall of negligible thickness. It is

still not clear whether wall thickness can be

neglected for small puncture holes. Where
wall thickness becomes a factor, Poiseuille flow

must be assumed.

A question now arises regarding the type of
leak that occurs through joints and seals in space

cabins. Is the leak of sonic orifice type or is it

diffusive in nature? The first attempt to answer

this question is the report by Greenspan and

Curtis. 2°6 These authors reviewed the type of

diffusive leak through solid materials such as

plastics, rubbers, and metals used in space
vehicles. Data on many materials studied are

presented and may be consulted for details.
It was the conclusion of this group, however, that

the actual permeation rates of the gas-metal
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systems were all less than the sensitivity of the

test method and that it was not possible to com-

pare metals by their permeation rates alone.

They also concluded that if welding and joining

techniques are sound, the cabin wall itself should

present a negligible leak path compared with

those paths attributable to hatches, cables, and

shafts. The total leakage expected due to per-

meatjon of skin and joints should be less than 1

percent of the structure's original volume for a

mission of 1 year's duration. No allowance was

made in this calculation for "pinhole" leaks after

micrometeoroid penetration or initial flaws in

metal surface or joints.

The Douglas Aircraft Co. has presented a re-

view of diffusivity factors to be expected for

various spacecraft materials. 3_4 Tables 34 and

35 indicate the data available to this group.

These authors indicate that solute diffusivity of a

given gas varies with temperature, pressure,

and crystal structure in such a complex, unpre-

dictable way that reliable values of leak rates

through metals can be obtained only by experi-

mentation with operational simulation. For

nonporous, nonmetallic membranes and walls,

the prediction of solute diffusivities is even more
unreliable due to their more complex organic

structure and the possibility of the gas or vapor

physically combining with or re-forming the
nonmetallic barrier.

The crux of the problem lies in the type of hole

expected to cause the leak. Metallurgically,

the confining walls may consist of a multitude of
minute holes which could be treated as orifices

or capillaries, depending on the thickness of the
wall. Once the nature of the holes is established,

TABLE 34.- Solute Diffusivity of Gases Through Metallic Membranes
[AFTER RUTZ AND CULLINS 374]

Gas Solid matrix Temperature, °F Diffusivity x 10 _°, ft2/see

H2 .......................... ,

H2 ..........................

H2 ..........................

H2 ..........................

H2 .......................... q

CO .........................

02 .......................... q

N2 ...........................

H2 ...........................

N2 ...........................

Palladium .............................................

Iron .....................................................

Nickel .................................................

Copper ................................................

Molybdenum .........................................

Iron ....................................................

Silver .................................................

Iron ....................................................

Aluminum ...........................................

Molybdenum ........................................

338

77

77

77

77

77

77

77

77

77

768

.16

1.23 × 10 -3

1.15 x 10 -6

1.15 × 10 -s

2.29 x 10 -s

7.69 × 10 -It

!.23 × 10-"

9.00 × 10 -'_

6.62 x 10 -z_
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TABLE 35.--Solute Diffusivity of Gases Through Nonmetallic Membranes
[AFTER RUTZ AND CULLINS 3T4]
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Gas

He ..........................

C02 ........................

N2..........................
02 ..........................

H20 ........................

02 ..........................

C02 .........................

_2 ...........................

['Ie ..........................

Air .........................

D2 ..........................

[-Ie ...........................

Solid matrix Temperature, °F Diffusivity × 101°, ft2/sec

Vycor ..................................................

Vycor ..................................................

Vycor ..................................................

Vycor ..................................................

Rubber (vulc.) .......................................

Silicone ................................................

Polyethylene .........................................

Neoprene ............................................
Neoprene (vulc.) ...................................

Rubber ...............................................

Polyethylene ........................................

Pyrex .................................................

77

77

77

77

77

77

77

8O

68

77

77

68

9.51 × 103

5.57 × 103

4.17 × 103

3.93 × 103

204

48.1

1.31

1.06

.704

.343

.246

5.23 × 10 -4

the ratio of the mean free patti of the gas mole-

cules to the diameter of the pore will determine

whether the diffusivity of the gas should be evalu-

ated by the laws of orifice flow, or effusion

(radiation of mass) through pores of zero length.

The diffusivity of any fluid through long pores

can, in turn, be determined by the laws of Poi-
seuille or Knudsen. Formulas for transfer of

gas through mieroporous media have been used

in many applications. 22,150,250,373 It is not clear

which ones are of significance in space-cabin
leaks.

The nearest approach to the problem is the

recent study of Mason at AiResearch Manufac-

turing Co., who was kind to permit presentation

of this preliminary work. z°s,3°9 Mason agreed

with Dryden et al.143 and Cullins 127that for larger

holes, a sonic orifice equation with isentropic

expansion (similar to eq. (38)) would be applicable.

The only difference was the choice of orifice

coefficient. Dryden chose a coefficient of 0.85

for sharp-edged orifices handling compressible

fluids at pressure ratios in excess of 5. Mason

chose 0.6 as his orifice coefficient. The study of
Busemann ss indicates that the orifice coefficient

can vary from 0.6 to 1.0, depending on the Mach

number of flow that is chosen. This relationship

for round, sharp orifices is seen in figure 35.

/
M 2 -------------,_

(a)

±
b2

T

1.0

0.9

==
.u

0.8

g

e-

Experimental_ _

0.5
M,

(b)

1.0

FIGURE 35.--Theoretical coeftlclent of contraction for jet escaping from sharp-edged slit. (AFTER

BUSEMANN. 88)
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The (b2/bl)' value is for the "tangent gas approxi-

mation," and (b2/bl)" is for the exact isentropic

relationship. It would appear that the empirical

value of 0.73 may be a good compromise. The

orifice coefficient does vary from gas to gas

because of the variation in specific heat ratios,

but this is almost negligible in this situation, ss

For "small holes," Mason feels that a capillary-

flow equation would be a better approximation

of reality. Mason defines a large hole as one

having a diameter of 25 to 50 percent of wall

thickness. Any hole with a smaller diameter-to-

thickness ratio is considered small. By this

definition, meteoroid penetrations would probably

all be "large hole types."

In "capillary flow," each capillary is assumed

to be a long, straight cylinder with cabin pressure

upstream and zero pressure downstream. In-
take flow is of laminar-continuum type, with a

transition to the free-molecular flow at the zero-

pressure end. Mason 3os used as the formula for

this type of a flow a semiempirical equation which

was originally derived by Knudsen. The equa-
tion was obtained from two sources.209,344

Mason felt that the equation was erroneously

quoted in both sources, and so he rederived the

capillary-flow equation to a workable form.

This lengthy derivation which is available from
Mason 30s or from the author, is not within the

scope of this report. The final form of the

equation is:

QL = 5.22 D4p 'z _ 7.42 D3p
Ix' _

-t 0.0744 D2/z ' In (1 + 23.9 DP _)
M'

pressure, dynes/cm z

leak rate, micron-liters/sec

length of capillary, cm

diameter of capillary, microns

viscosity /x

where

P

Q
L

D

/z'
//'air 1.81 X 10 -4 poise

molecular wt M
M'

Mair 28.97

p, pressure _ p
Patm 760 mm
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It is obvious from this equation that the as-

sumed capillary diameter is crucial. This point

is so crucial that it appears worthwhile quoting

Mason's discussion verbatim. Mason assumed

that the smallest conceivable diameter would be

no less than 0.01 ix. The above equation indi-

cated that for this diameter or less, some oxygen-

helium atmospheres will have 7.3 times the molar

leak rate of some oxygen-nitrogen atmospheres.

The leakage through such a small capillary is so small

that an extremely large number of capillaries (of the order of

10 _z) would be required to result in leakage at an appreciable

rate, such as 1 lb/day of gas. The only readily imaginable

way such a large number of paths could occur in a spacecraft

is as an integral part of the wall metal structure, such as

between the grain boundaries, or through defects in the

crystal structure. Thus, such leakage would have to take

place literally through the walls of the spacecraft. It is well

known that metal walls only a few thousandths of an inch

thick can be made quite leaktight against helium. Thus,

extremely small capillaries can be discarded as a significant

mode of leakage.

'Mason then assumed for subsequent calcu-

lations that the smallest capillary diameter is

0.3 micron (12 microinches).

We assert that 0.3 micron is an unrealistically small capil-

lary size because of the larger number of such capillaries

required to account for the specified leakage rate of 1 lb/day.

Specifically, 3.9 billion of these capillaries in parallel would

be required to give 1 lb/day leakage from a 5-psi pure oxygen

atmosphere. If the spacecraft is a cylinder 10 feet in di-

ameter and 20 feet long, it would take 34 000 capillaries per

square inch of spacecraft surface to give the 3.9 billion capil-

laries necessary for 1 lb/day.

Even this probably unrealistically small diameter (0.3

micron) does not lead to excessive helium leakage, when the

helium is a constituent of a two-gas atmosphere. Thus, if

we select a small enough capillary diameter for our model (of

the order of 0.01 micron), we can obtain unfavorable high

leak rates for helium, or for helium-oxygen atmospheres.

But capillary diameters expected to be significant in space-

craft leakage-larger than 0.3 microns-do not show helium

at any disadvantage.

Mason actually calculated the leakage rate for

5 capillary diameters from 0.3 to 30 microns.

The number of equal-sized capillaries were

chosen so as to give, for each diameter, a leak

rate of 1 lb/day with 5-psi 100 percent oxygen.

For this normalization, the capillary length was

chosen as typical of a pressure wall in a space

cabin (L= 1 mm _ 0.04 in.). Seven individual

atmospheres were used; table 36 is the result
of these calculations. The variable sensitivity

of the relative leakage rate to capillary diameter
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can be readily seen for different mixtures. Sev-
eral facts can be noted from the flow equation

and table 36.

(1) The leakage rate for capillary flow is strongly

pressure dependent. At D=0.3 /_, the mass
leak rate/V is proportional to the pressure, while

at D=30/_, /V_P 2.

(2) For normalized values, the leakage of a

mixture of 50 percent helium and 50 percent

oxygen at 7.35 psi is remarkably insensitive to
hole diameter.

PHYSIOLOGICAL FACTORS OF INERT GASES

(3) As the hole diameter increases, the weight

rate leaks of the oxygen-helium mixture become

smaller than oxygen-nitrogen mixture rates.

(4) Since the larger holes are more realistic,

the mass-flow rate of 50 percent oxygen and 50

percent nitrogen mixtures may be as much as

twice that of 50 percent oxygen and 50 percent

helium mixtures at 7.35 psi.
It is of interest to note that in the review of the

calculations of Dryden et al.,143 it was indicated

that for sonic orifice flow, mixtures of 50 percent

2O

18

16

14

__ 12

.r,

10
sL

J_

.o_

8

•_ 6
0

Capillary flow

Tank penalty factors, Ib tank/Ib fluid

02 - Cryogenic- 30daymission 0.31
N2- Cryogenic- 30daymission 0.75
He- Cryogenic- 30daymission 3.0
N_- Gas 1.1
He- Gas 7.4

Basedon leakageratesnormalized
to1 Ib/dayonpureO_at5 psia

Reference atmosphere

®Pure 02
5 psia

Metabolic 0 2 consumption 1.9 Ib/man day - 2 men cryogenic storage

I
I I I ] I I I I

5 6 7 8 9 10 11 12 13 14

Spacecraftcabinpressure,psia

FIGURE 36.--Total gas systems weight penalty calculated for capillary flow. (AFTER MASON. 309)
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oxygen and 50 percent nitrogen would have a

mass flow rate 1.3 times that of helium-oxygen

mixtures. Mason's calculation for mixtures of

53 percent inert gas and 47 percent oxygen with

orifice flow gave nitrogen-oxygen mixtures a

greater mass flow rate by a factor of 1.28.

To determine the overall weight penalty for

the different atmospheres, Mason again as-

sumed a weight leak of 1 lb/day normalized to

5 psi with 100 percent oxygen and a total oxygen-

system weight penalty of 5 lb/day to cover breath-

ing oxygen for two men. The weight penalties

USE OF INERT GASES IN SPACE CABINS 111

include tankage for supercritical cryogenic

storage or gas phase storage which are at the

present stage of the art. Using the mass leak

rates of table 36, the total gas systems weight

penalty (wall thickness is constant) was calcu-

lated. Figure 36 gives the results of these cal-

culations for capillary flow. Figure 37 gives the

results of orifice flow. Both figures indicate

the total pressure effects and the inert gas factors.

Mason concluded from these computations

that -

(1) Oxygen-helium mixtures show consistently

20
I

18--

16--

14--

12--

_L 10--
A_

.__

CI.

•- ® Pure O_"B 6--
._ 5 psia

=E

4--

2--

I
0 5

I I I I I I I I

Orifice flow

Tankpenaltyfactors, Ib tank/Ib fluid

O2 - Cryogenic - 30 daymission 0.31
N=- Cryogenic - 30 daymission 0.15
He - Cryogenic - 30 daymission 3.0
N2 - Gas 1.1
He- Gas 7.4

Basedon leakageratesnormalized

toI Ib/dayon pure02 at5 psia

Reference atmosphere

O_/N=- (3asstorage

O_/N_- Cryogenic storage

_- O_/He- Cryogenicstorage

Metabolic O2consumption 1.9 ib/man=day- 2 men cryogenicstorage

I I I I I I I l
6 7 8 9 10 11 12 13 14 15

Spacecraftcabin pressure, psia

FIGURE 37.--Total gas systems weight penalty calculated for orifice flow. (AFTER MASON. 3°9)
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lower leakage penalties than oxygen-nitrogen

mixtures for gaseous or cryogenic storage at

all pressures, except in orifice flow for those

above 12 psi with gaseous storage where oxygen-

nitrogen penalties become less.

(2) Oxygen-helium total gas system leakage

weight penalties are only slightly less than

oxygen-nitrogen penalties under orifice flow or

capillary flow (D < 0.03/z).

(3) Oxygen-helium total gas system leakage

weight penalties are considerably less than those

PHYSIOLOGICAL FACTORS OF INERT GASES

for oxygen-nitrogen if flow through large capillary

holes (30/z) is concerned.
It must be remembered that these figures give

only rough systems estimates. Other mission-

dependent factors could, for instance, alter the

cryogenic storage weight penalties considerably.
A factor which was not considered is the leakage

of gas through the gas-phase storage cylinders.

An example of this factor is seen in table 37.
It would appear from the leakage ratios noted

in the discussion of Mason's study that the leak-

TABLE 37.-Fiber-Glass Bottle Leakage Rate Experiments

[AFTER BENDIX AVIATION 4._]

Fiber-glass bottle (3000 psig) Leakage rate

Volume, cu in. Weight(empty),lb Outside diameter, in. Air, lb/wk Helium, lb/wk

870 16 13 0.05 0.10

1300 25 15 .064 .128

1770 30 16.38 .10 .20

2570 48 18.5 .15 .30

age through the bottles is of the smallest capillary

type. This is what one would intuitively expect.

Mason reports 3os that he is currently studying

this gas-bottle leakage problem for several dif-

ferent gas mixtures.
It is still not clear what type of leakage is

found at the sealing surfaces in space vehicles.

Mason's study suggests that large capillary or

small sonic orifice flows are the most probable.

In an operational study of this question, Mason 30s

has attempted to compare the actual leak rates

of helium-oxygen and nitrogen-oxygen in a cabin

simulator at the AiResearch Manufacturing Co.

The cabin was sealed, filled with the appro-

priate mixture several psi above sea-level pres-
sure, and allowed to leak gas slowly. The rate

of pressure drop was the only recorded param-

eter. There appeared to be no significant dif-

ference in pressure drop between gas mixtures.
These results indicate that the molar flow rates

out of the cabin seals are the same. This may be

true with' pressure ratios of an operational cabin.
Such would be consistent with a total effective

sonic orifice flow of small diameter or a capillary

flow of large diameter. The results, no doubt,

represent a compromise between flow through a

small number of sonic orifices and a large number

of larger capillary orifices which overall favors

helium-oxygen on a mass flow rate criterion.

In conclusion, it can be stated that helium-

oxygen mixtures cannot be excluded and are

probably to be favored over nitrogen-oxygen mix-

tures as far as a gas systems weight penalty for

leakage is concerned. Previous fears of exces-

sive leakage penalties appear to be unjustified.

The comparative leakage of neon-oxygen mix-

tures is not quite as clear. There is little ex-

perimental work, but one can make several

predictions from sonic-flow theory. Equation
(38) is derived from the same basic consideration

as equation (33). The reciprocal of the square

root of the average molecular weight of the mix-

ture appears to determine the molar flow rate
out of the trachea as well as out of the so_aic

orifice of the cabin. The molar leak rates of

the different 50-50 gas mixtures through a sonic

orifice would, therefore, be proportional to the

reciprocal of the explosive decompression hazard
of table 25. The molar leak rate of neon-oxygen

mixtures would, therefore, approximately equal

those of nitrogen-oxygen mixtures. From the

above discussions, it appears that the mass leak

rates of neon-oxygen would lie between those

of helium-oxygen and nitrogen-oxygen in a real
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space-cabin leak experiment. From the critical

properties (table 1) it appears that the cryogenic

storage of neon would be a relatively efficient

process as far as weight penalty is concerned.

The overall gas system weight penalty for neon-

oxygen mixtures may be more favorable than

even the helium-oxygen mixtures.

In summary, the overall gas-system weight

penalty for leakage of inert gas in enriched oxygen

mixtures does not appear to favor markedly any

one of the three inert diluents: nitrogen, helium,

or neon. If cryogenic storage is contemplated,

neon may have a slight advantage over helium,

and helium, a slight advantage over nitrogen. A

more quantitative systems weight analysis is

required. In part IV of this series a more de-

tailed tradeoff study will be presented.



CHAPTER5

Role of Inert Gas Physiology in
Selection of Space-Cabin Atmospheres

IN PART I of this series on the selection of space-

cabin atmospheres, it was pointed out that oxygen

toxicity was a major factor limiting the use of 100

percent oxygen atmospheres in space cabins. 3s9

Minimal data indicated that 100 percent oxygen

at 5 psi appeared to be validated for missions of

14 days or less. It was suggested that varia-

tions in subject response to this condition re-

quired that simulator studies be at least twice as

long as the projected space mission for validation

experiments with the limited number of subjects

usually employed.

The problem of atelectasis in the absence of

inert gases was also discussed. In 100 percent

oxygen atmospheres at 5 psi and 3.8 psi, experi-

mental subjects have appeared to be in a border-

line atelectatic state. The atelectatic tendency

in a 3.8-psi 100-percent oxygen cabin was shown,

theoretically, to be 370 times greater than that

in air at sea level. The practical aspects of this

hazard are still not clear. Temporary bronchial

obstruction secondary to infection will no doubt

be made more hazardous by the atelectatic tend-

ency. High g-loads on takeoff and landing will

also be more hazardous in 100 percent oxygen.

Review of experimental work suggested, how-

ever, that for current missions, the g-level and

duration of loading will not create sufficient

operational hazards to preclude the use of pure

oxygen in space vehicles.

Higher g-loads for longer durations may cause
blood desaturation from ventilation/perfusion

defects to become operationally hazardous.

Atelectasis remaining after the high g-load could

predispose to pulmonary infections. Quantifica-

tion of the infectious hazard is also still lacking.

The following maneuvers, in the order of de-

creasing desirability, were suggested to alleviate

the atelectatic tendency:

(1) Encourage intervals of deep inspiration,

especially during high g-loads, but also during the

zero-gravity phase of space missions.

(2) During periods of extreme acceleration,

allow subjects to breathe with as much positive

pressure as is physiologically tolerable.

(3) Just before and during high g-load maneu-

vers, let the subjects breathe mixtures of oxygen

and inert gases. It was shown that the effec-

tiveness of the inert gas in preventing atelectasis

would be inversely proportional to its solubility
in blood or water. Table 2 indicates that helium

would be best, neon next, and nitrogen the least

effective in reducing the atelectatic tendency dur-

ing the unsteady state of incomplete inert-gas

equilibration with the blood.

(4) Maintain in the cabin as high a percentage

of inert gas as is compatible with proper oxygena-

tion, structural limitations, and considerations of

decompression sickness.

The radiation hazard does not seem to be sig-

nificantly increased by 100 percent oxygen at

5 psi. 25s Pertinent experiments were performed

with 250-kvp X-rays. Analysis of the problem

in part I of this series suggests the hazard arising

from synergism between hyperoxia and particles

of LET's expected from space radiation should

be less than that arising from synergism between

hyperoxia and these X-rays.

The blast hazard has very little effect on the

consideration of 100 percent oxygen at 5 psi.

During missions of high blast probability, 100

percent oxygen may be favorable from a purely

physiological point of view. Gas emboli from a

disrupted lung would be safer if they were com-

115
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posedof 100 percent oxygen than of any inert-gas
mixture. One-half hour after a blast, if there is

no hypoxic episode requiring 100 percent oxygen,

the presence of an inert gas may be of some help

in minimizing pulmonary oxygen toxicity. In

any event, the presence of inert gas does not

appear to be a significant requirement even in the

recovery period after blast injuries to the lung.

It was also pointed out in part I of this series

that there is evidence that elevation of Po_ above

normal partial pressures tends to alleviate fatigue.

The equivocal data on this point have as yet

not been clarified. In long and complex mis-

sions, such a factor may assume some opera-

tional importance.
Part II of this series dealt with fire and blast

hazards in space vehicles. The complexity of

the problem was shown to preclude definitive

conclusions. Evidence regarding all aspects of

the problem suggested that for missions of the

Gemini and Apollo type, where crew activity is

restricted and optimum fire prevention and con-

trol can be attained, 100 percent oxygen at 5 psi

is not precluded as a choice of atmosphere by the

potential fire and blast hazard. For orbiting

laboratories, military operations, and other mis-

sions where the probability of fire and blast acci-

dents looms large, addition of inert diluents to the

atmosphere appears to be the prudent course.
Selection of an inert diluent to minimize fire

and blast hazard was shown to be difficult. In

several types of ignition and burning conditions,

helium appears safer than nitrogen. In other

conditions, nitrogen is favored. In still other

conditions, there is very little difference. Unfor-

tunately, in fires starting from hot electrical

insulation, the type of greatest probability, there

are not enough data to distinguish between nitro-

gen and helium. Because of its greater thermal

conductivity, helium may be the best for main-

taining the insulation temperatures below the

ignition point in potential overheat conditions.

In zero gravity, helium may also diffuse more

rapidly to the site of burning or degradation, and

counter more readily the oxidative tendency of

the atmosphere. More specific data are re-

quired on this point.

Because of its greater specific heat, nitrogen
was indicated as the most effective overall

diluent in preventing fires. This has been the
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philosophy in industry where inert gases are often
used in the manufacture of high-risk materials.
Neon should be intermediate between the other

two gases in most of these factors. There is,

therefore, no overwhelming factor on which to

base the selection of an inert gas for minimization

of fire and blast hazards. The properties of

neon may well present the best overall compro-

mise. Adequate test should be made of this

hypothesis.

Analysis of the physiological properties of inert

gases presents very little overpowering evidence

in favor of helium, neon, or nitrogen. Argon,

krypton, and xenon can be eliminated quite

clearly on the grounds that they increase the

hazard of decompression sickness above the

level for nitrogen.
Helium will not eliminate the occurrence of

bends when used in an environment of 50 percent

inert gas and 50 percent oxygen at 7 psi. Empiri-
cal and theoretical evidence has been presented

that helium-oxygen mixtures probably will not

reduce the symptom frequency of bends and may

even increase it slightly above the expected fre-

quency for nitrogen-oxygen mixtures of the same

pressure and composition. Neon, although most

inadequately studied, appears somewhat more

favorable than helium or nitrogen in reducing

the incidence of bends. Preliminary empirical

evidence supports theoretical conclusions on this

point.
There is theoretical evidence that the incidence

of neurocirculatory collapse, and possibly chokes,

may be considerably lower in neon than in

helium or nitrogen. Helium is more favorable

than nitrogen on theoretical grounds, but from

diving experience, the evidence is not clear.

There is not at present, nor is there likely to be

available in the near future, empirical data to

support the advantages of neon in relieving the
hazard of these very rare events. Because of

the extremely low probability of severe neuro-
circulatory collapse or chokes after equilibration

with an environment of 50 percent inert gas and

50 percent oxygen at 7 psi, this factor should

receive minimal weighting in the overall hazard

analysis.

Prediction of bends incidence in space opera-

tions is based on inadequate extrapolation from

indirect World War II data. Bends incidence
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after decompression from 7-psi, 50 percent

nitrogen and 50 percent oxygen environments,

can be predicted only from the semiempirical

Bateman equation supported by statistical analy-

sis of denitrogenation factors and World War II

chamber experience. It is suggested that for

well-conditioned astronauts after equilibration

with this environment, decompression to 35 000

feet (3.5 psi) at rest will lead to less than 1 percent

bends symptoms of any grade. Exercise at the

35 000-foot (3.5 psi) altitude should result in a

maximum of about 7 to 10 percent symptoms in

this group, and up to 15 percent incidence in an

unconditioned population of 20 to 40 years old.

Grades ] and 2 bends should predominate.

Equilibration with mixtures of 30 percent nitro-

gen and 70 percent oxygen at 5 psia should reduce

the expected incidence considerably. Final

suit pressures of 5 psi (27 000 ft) should reduce

these predictions by a factor of 3. Equilibration

in a 100-percent oxygen environment at 5 psi

should almost completely eliminate bends symp-

toms occurring after exercise at an altitude

of 35 000 feet (3.5 psi) and even possibly at an alti-

tude of 38 000 feet (3.0 psi). There is a chance

that predominantly carbon dioxide and oxygen

bubbles or gas pockets may be formed in severely

exercising subjects above these altitudes. No

statistics on this point are available or can be

predicted from theoretical grounds. Physical

conditioning, by modifying the rate of denitro-

genation of critical tissues, is a major factor in

determining bends incidence and should be kept

in mind in any analysis of hazards.

Adequate preoxygenation patterns for sub-

jects in space cabins have been suggested. Age

and physical conditioning again are important

factors in predicting adequate preoxygenation
time before ascent to different altitudes. A

minimum of 2 and possibly 3 hours is recom-

mended for the astronaut group and possibly 5

hours for poorly conditioned passengers in the

older age groups to reach the denitrogenation

level equivalent to equilibrium PN2 conditions of

50 percent nitrogen and 50 percent oxygen at

7 psi.

In the case of explosive decompression, there

is some advantage to helium over neon, and neon

over nitrogen, as inert diluents. For mixtures
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of 50 percent inert gas and 50 percent oxygen,

the predicted hazard index can be seen in table

25. It has been indicated that the expected

incidence of lung damage resulting from explo-
sive decompression from 7-psi cabins to a vacuum

is so low relative to the incidence of other trau-

matic factors that this parameter should receive

very little weighting in the overall hazard analysis.

The same holds true for the lung damage after

blast exposure. Mission-specific factors must
be considered in the evaluation.

It is also clear from theoretical and some em-

pirical grounds that inert-gas factors do play a

minor role in the ebullism syndrome. Exposures

to space vacuum for up to 1.5 to 2 minutes may

not be fatal to the astronaut population. Expo-

sure to these conditions for periods greater than

60 seconds may lead to serious psychomotor

aberrations for at least several hours following the

event. The exact duration of exposure resulting

in transient aberrations lasting several seconds

to minutes is not known. In any event, this

physiological phenomenon should not in any sig-

nificant way influence the selection of an inert

diluent gas unless dictated by mission-specific
factors.

Inert-gas narcosis is a fascinating subject, but

it will probably have little role in selection of

space-cabin atmospheres. There are some indi-

cations that metabolic changes occur in cells

exposed to helium-oxygen atmospheres. These

do not appear to be significant in missions of less

than 15 to 30 days' duration. Beyond this period

of time, there is a rare possibility that chronic

changes may affect the crew. Validation with

animal and human subjects is required for longer
missions.

The minor side effect of chronic exposure of

humans to 50 percent helium and 50 percent

oxygen environments is the elevated thermal

conductivity of the environment. It has been

shown, however, that at 7 psi in 50-50 percent

mixtures there is minimal change in skin tem-

perature or thermal comfort zone. The effect

on power requirements of the air-conditioning

system will be covered in part IV of this series.

Changes in voice and sound transmission are

of minimal effect in space cabins at 7 psi with

50 percent inert gas and 50 percent oxygen mix-
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tures. Decrease in transmission of background

noise may even be a positive factor in the use of
helium or neon as inert diluents.

In contrast to previous prediction, leakage of

inert-gas mixtures from a cabin will not preclude

the use of helium as an inert-gas diluent at 7 psi,

50 percent inert gas conditions. There is actually

an overall storage weight advantage in favor of

helium. Table 36 and figures 36 and 37 demon-

strate this point. For cryogenic storage there is
less difference between the mixtures than for

gas storage. Theoretically, neon should offer a

lower storage system weight penalty than the

other two gases. These predictions should hold

for meteorite penetrations and spontaneous

leakage from seals.

In conclusion, neon appears to offer some

advantages over helium and nitrogen as an inert

gas diluent. The greatest advantage on theo-

retical grounds is in minimizing decompression

sickness. In all other areas, neon appears to be

as good as or slightly better than nitrogen or

helium. The cost of pure neon is very great as

compared to pure nitrogen or even pure helium.
There is available a crude neon contaminated

with up to 15 percent helium which is not much

more expensive than pure helium. 46_ Such a gas

may well offer a practical solution to the problem

of optimizing the inert-gas selection. From a

physiological point of view, there is no overall
mandate for the selection of helium versus nitro-

gen as the inert diluent in space cabins.



References

1. ADAMS, B. H.; AND POLAK, I. B.: Traumatic lung lesions produced in dogs by simulating sub-

marine escape. U.S. Naval Medical Bulletin, 31: 18, 1933.

2. ADLER, H. F.: Dysbarism. Review 1--64, School of Aerospace Medicine, Brooks AFB, Tex.,
1964.

3. ADLER, H. F.: Neurocireulatory Collapse at Altitude. Special Project, School of Aviation Medi-

cine, Randolph Field, Tex., June 1950.

4. AGIN, D.; HERSH, L.; AND HOLTZMAN, D.: The action of anesthetics on excitable membranes:

a quantum-chemical analysis. Proc. Nat. Acad. Sci., 53 (5): 952-958, May 1965.

5. AGRON, P. A.; BEGUN, G. M.; LEVY, H. A.; ET AL.: Xenon difluoride and the nature of the xenon-

fluorine bond. Science, 139: 842-843, 1963.

6. AIR FORCE MISSILE DEVELOPMENT CENTER, Holloman AFB, N. Mex.: Manhigh III. USAF

Manned Balloon Flight Into the Stratosphere. AFMDC-TR--60-16, Apr. 1961.

7. ALEKSANDROV, A. I.; AND BRESTKIN, A. P.: The Permissible Supersaturation Coefficients in

Human Beings Breathing Air and a Helium-Oxygen Mixture, in Brestkin, M. P. (ed.), The

Effect of the Gas Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-F-

358, Washington, D.C., 1965, pp. 5-9.

8. ALLEN, SHANNON C.: Role of nitrogen in problem of oxygen toxicity, in American Physiological

Society Proc. Fall Meeting, Indiana Univ., Bloomington, Ind., also abstracted in The Physi-

ologist, 4 (3): 2, Aug. 1961.

9. ANTHONY, R. A.; CLARKE, R. W.; LIBERMAN, A.; ET AL.: Temperature and Decompression Sick-

ness. NRC-CAM-136, National Research Council, Committee on Aviation Medicine, May 26,
1943.

10. ANTOPOL, W.; KALBERER, J., JR.; KOOPERSTEIN, S.; et al.: Studies" on dysbarism. I. Devel.

opment of decompression syndrome in genetically obese mice. .4m. J. Pathol., 45 (1): 115-124,

1964.

11. ARMSTRONG, H. G.: Analysis of Gas Emboli. U.S. Air Corps Engineering Section, Memo Rep.

No. EXP-M-54-653-3, Dec. 20, 1939.

12. ARMSTRONG, H. G.: The Effects of Decreased Barometric Pressures on the Living Organism.

U.S. Air Corps Engineering Section, Memo Rep. No. Q-54-62, Mar. 25, 1938.

13. Army Air Force, Washington, D.C.: Physiology of Flight. Human Factors in the Operation of

Military Aircraft. Mar. 15, 1945, p. 37. (Supersedes AAFM-25-2, 1942.)

14. BALAKHOVSKIY, I. S.; AND FOMENKO, M. M.: Physical and chemical characteristics of gas bubbles

in subcutaneous emphysema of altitude. Biofizika, 1 (5): 425--430, 1956. (Translation by Dr.

A. A. Horvath available at Lovelace Foundation Document Library.)

15. BALKE, B.: Civil Aeromedical Research Institute, Federal Aviation Agency, Oklahoma City,

personal communication, 1963.

16. BALKE, B.: Rate of Gaseous Nitrogen Elimination During Rest and Work in Relation to the Oc-

currence of Decompression Sickness at High Altitude. Proj. No. 21-1201-0014, Rep. No. 6,

School of Aviation Medicine, Randolph Field, Tex., 1954.

17. BANCROrr, R. W.: Medical Aspects of Pressurized Equipment, in Armstrong, H. G. (ed.), Aero-

space Medicine. Williams & Wilkins Co., Baltimore, 1961, p. 213.

18. BARACH, A. L.: The effects of inhalation of helium mixed with oxygen on the mechanics of respira-

tion. J. Clin. Invest., 15: 47, 1936.

19. BARACH, A. L.: Rare gases not essential to life. Science, 80: 593-594, Dec. 21, 1934.

20. BARACH, A. L.: Use of helium as a new therapeutic gas. Proc. Soc. Exp. Biol. Med., 32: 462-464,

1934.

21. BARNARD, E. E. P.; HEMPLEMAN, H. V.; AND TROTTER, C.: Mixture Breathing and Nitrogen

Narcosis. RNP 62/1025, Royal Naval Personnel Research Committee, England, Apr. 1962.

22. BARRER, R. M.: Diffusion In and Through Solids. Cambridge University Press, Cambridge, 1941.

23. BARRER, R. n.; AND STUART, W. I.: Non-stoicheiometric clathrate compounds of water. Proc.

Roy. Soc. (London), ,4243: 172-189, 1957.

119



120 PHYSIOLOGICAL FACTORS OF INERT GASES

24. BATEMAN, J. B.: Department of Biophysics, Fort Dietrich, Md., personal communication, 1965.

25, BATEMAN, J. B.: Preoxygen and Nitrogen Elimination. Part I. Review of Data on Value of Pre-

oxygenation in Prevention of Decompression Sickness, in Fulton, J. F. (ed.), Decompression

Sickness. W.B. Saunders Co., Philadelphia, 1951, pp. 242-321.

26. BATEMAN, J. B.: Susceptibility to Decompression Sickness: The Effects of Prolonged Inhalation

of Certain Nitrogen-Oxygen Mixtures Compared With Those of Exposure to Pure Oxygen.

NAS-NRC-CAM-364, Mayo Aero Medical Unit, Rochester, Minn., Sept. 1944.

27. BATEMAN, J. B., AND LANG, J: Formation and growth of bubbles in aqueous solutions. Can. J.

Res., E23: 22-31, 1945.

28. BEAN, W. J.: Effects of oxygen at increased pressure. Physiol. Rev., 25: 1, 1945.

29. BEAN, W. J.: Tensional changes of alveolar gas in reactions to rapid compression and decom-

pression and question of nitrogen narcosis. Am. J. Physiol., 161: 417, 1950.

30. BEARD, S. E.; ALLEN, T. H.;I MclvER, R. G., ET AL.:;Comparison of Helium and Nitrogen in

Production of Bends in Simulated Orbital Flights, !in Preprints of Scientific Program. Aero-

space Medical Assn., 37th Annual Scientific Meeting, Las Vegas, Nev., Apr. 18-21, 1966,

pp. 43-44.

31. BEHNKE A. R.: The absorption and elimination of gases of the body in relation to its fat and H_O

content. Medicine, 24: 359-379, 1945.

32. BEHNKE A. R.: The application of measurements of nitrogen elimination to the problem of decom-

pressing divers. U.S. Naval Medical Bulletin, 35(2): 219-239, 1937.

33. BEHNKE A. R.: Decompression Sickness Following Exposure to High Pressures, in Fulton, J. G.

(ed.), Decompression Sickness. W.B. Saunders Co., Philadelphia, 1951, pp. 53-89.

34. BEHNKE A. R.: Decompression sickness incident to deep sea diving and high altitude ascent.

Medicine, 24: 381-402, 1945.

35. BEHNKE A. R.: Physiologic studies pertaining to deep sea diving and aviation, especially in re-

lation to the fat content and composition of the body. Harvey Lectures, 37: 198-226, 1941-42.

36. BEHNKE A. R.: A Review of Physiologic and Clinical Data Pertaining to Decompression Sick-

ness. Proj. X-443, Rep. No. 4, Naval Medical Research Institute, Bethesda, Md., May 13, 1947.

37. BEHNKE A. R.: 2865 Jackson St., San Francisco, Calif., personal communications, 1963 and 1965.

38. BEHNKE, A. R.; THOMSON, R. M.; AND MOTLEY, E. P.: Psychologic effects of breathing air at 4

atmospheres pressure. Am. J. Physiol., 112: 554, 1935.

39. BEHNKE, A. R.; THOMSON, R. n.; AND SHAW, L. A.: The rate of elimination of dissolved nitrogen

in man in relation to the fat and water contents of the body. Am. J. Physiol., 114: 137-146,

1935.

40. BEHNKE, A. R.; AND WILLMON, T. L.: Cutaneous diffusion of helium in relation to peripheral

blood flow and the absorption of atmospheric nitrogen through the skin. Am. J. Physiol., 131:

627--632, Jan. 1941.

41. BEHNKE, A. R., AND YARBROUGH, O. D.: Physiologic studies of helium. U.S. Naval Medical

Bulletin, 36: 542-558, 1938.

42. BEHNKE, A. R.; AND YARBROUGH, O. D.: Respiratory resistance, oil-water solubility, and mental

effects of argon, compared with helium and nitrogen. Am. J. Physiol., 126: 409-415, 1939.

43. BELL, G.: Frequency analysis of vowels produced in a helium-rich atmosphere. J. Acoust. Soc.

Am., 34: 347-349, 1962.

44. BEL'GOV, I. M.: VYADRO, M. D.; GORBOV, F. D.; AND PANFILOV, A. S.: The problem of decom-

pression disorders in flight personnel. V.M. Zh., No. 11, 1954, pp. 38-42.

45. Bendix Aviation Corp.: Fiber Glass Bottles for High Pressure Storage. Utica, N.Y., Oct. 7,

1957.
46. BENEDICT, M.: Diffusion, in Kirk, R. E., and Othmer, D. F. (eds.), Encyclopedia of Chemical

Technology. Vol. 5, Interscience Publishers, New York, 1950.

47. BENEDIKT, E. T., ed.: Weightlessness-Physical Phenomena and Biological Effects. Proceed-

ings of the Symposium on Physical and Biological Phenomena Under Zero G Conditions.

Plenum Press, New York, 1961.

4.8. BENNETT, P. B.: The cause and prevention of depth intoxication. J.R.N.S.S., 18 (5), Sept. 1963.

49. BENNETT, P. B.: Neuropharmacologic and Neurophysiologic Changes in Inert Gas Narcosis, in

Lambertsen, C. J., and Greenbaum, L. J. (eds.), Second Symposium on Underwater Physiology.

NAS-NRC Pub. 1181, Washington, D.C., 1963, pp. 209-225.

50. BENNETT, P. B.: The Narcotic Action of Inert Gases at Increased Pressures, in Edholm, O., and

Bacharach, A. L. (eds.), Biology of Human Survival, Academic Press, London (in press).

51. BENNETT, P. B.: Narcosis Due to Helium, Neon and Air at Pressures Between 2 and 25.2 Atmos-

pheres Absolute (33 ft-800 ft) and the Effect of Such Gases on Oxygen Toxicity, in Human



REFERENCES

PerformanceCapabilitiesinUnderseaOperationsSymposium.USNMineDefenseLab.,
PanamaCity,Fla.,1965.

52.BENNETT,P.B.:CorticalCO2and02athighpressuresofargon,nitrogen,helium,andoxygen.
J. Appl. Physiol., 20 (6): 1249-1252, 1965.

53. BENNETT, P. n.: The Action of Inert Gases at Hyperpressure, in Proceedings of 2nd International

Symposium on Underwater Medicine. Ustica (Palermo), Sept. 1965.

54. BENNETT, P. B.: Royal Naval Physiological Laboratory, Alverstoke, Hants, England, personal

communication, 1965.

55. BENNETT, P. B.; AND CROSS, A. V. C.: The Fusion Frequency of Flicker and Nitrogen Saturation.

RNP-60-999, Royal Naval Physiological Lab., Alverstoke, Hants, England, Dec. 1959.

56. BENNETT, P. B.; DO$SETT, A. N.; AND KIDD, D. J.: The Effect of Rate of Increasing Pressure

on the Narcosis Produced in Rats by High Partial Pressures of Oxygen and Nitrogen. RNP-

60-1001, Royal Naval Physiological Lab., Alverstoke, Hants, England, June 1960.

57. BENNETT, P. n.; AND GLASS, A.: The Electroencephalograph and Narcosis Under High Partial

Pressures of Nitrogen and Isonarcotic Concentrations of Nitrous Oxide. RNP-59-937, Royal

Naval Personnel Research Committee, Alverstokc, Hants, England, Dec. 1957.

58. BENSON, SIDNEY W.; AND KING, JAMES, JR.: Electrostatic Aspects of Physical Adsorption With

Some Implications for Molecular Sieves and Gaseous Anesthesia. Science, 150 (3704): 1710-

1713, Dec. 1965.

59. BERANEK, L. L.: Acoustic Properties of Gases, in Gray, D. E. (ed.), American Institute of Phys-

ics Handbook. McGraw-Hill Book Co., Inc., New York, 1957.

60. BERENDSEN, H. J. C.: An NMR Study of Collagen Hydration. Rijksuniversiteit te Groningen,

The Netherlands, Oct. 2, 1962.

61. BERRY, C. A.: Severe dysbarism in Air Force operations and training. U.S. Armed Forces Med.

J., 9 (7): 937-948, July 1958.

62. BERRY, C. A.; AND SMITH, n. R.: Recent USAF experience with inflight dysbarism. Aerospace

Med., 33 (8): 995-1000, 1962.

63. BESSE, F.: Studies of Decompression, in Lambertsen, C. J., and Greenbaum, L. J. (eds.), Second

Symposium on Underwater Physiology. NAS-NRC Pub. 1181, Washington, D.C., 1963, pp.

14-21.

64. BILLINGHAM, J.: Manned Spacecraft Center, NASA, Houston, Tex., personal communication,

1965.

65. BJURSTEDT, H.; AND SEVERIN, G.: The prevention of decompression sickness and nitrogen nar-

cosis by the use of hydrogen as a substitute for nitrogen (the Arne Zetterstrom method for deep-

sea diving). Military Surgeon, 103: 107-116, 1948.

66. BLINKS, L. R.; TWITTY, V. C.; AND WHITAKER, D. M.: Bubble Formation in Frogs and Rats, in

Fulton, J. F. (ed.), Decompression Sickness. W.B. Saunders Co., Philadelphia, 1951, pp.

145-164.

67. BOOTHBY, W. M.; AND LOVELACE, W. R., II: Oxygen in aviation: The necessity for the use of

oxygen and a practical apparatus for its administration to both pilots and passengers. J. Avia-

tion Med., 9: 172-198, Dec. 1938.

68. BOOTHBY, W. n.; LUFT, U. C.; AND BENSON, O. O., JR.: Gaseous Nitrogen Elimination. Experi-

ments When Breathing Oxygen at Rest and at Work, with Comments on Dysbarism. Proj.

No. 21-53-003, Rep. No. 1, School of Aviation Medicine, Randolph Field, Tex., Aug. 1951.

69. BOOTHBY, W. M.; LUNDIN, G.; AND HELMHOLTZ, H. F.: A gaseous nitrogen elimination test to

determine pulmonary efficiency. Pro¢. Soc. Exp. Biol. Med., 67: 558-561, 1948.

70. BORISKIN, V. V.; OBLAPENKO, P. V.; ROL'NIK, V. V.; ET AL.: The possibility of growth of an animal

organism under conditions of replacement of atmospheric nitrogen by helium. Dokl. Akad.

Nauk SSSR, 143 (2): 475--478, 1962.

71. BOWEN, I. G.; I-[OLLADAY, A.; FLETCHER, E. R.; AND WHITE, C. S.: A Mathematical Model To

Simulate the Fluid-Mechanical Response of the Thoraco-Abdominal System to Rapid Changes

in Environmental Pressure. (Draft Copy), Tech. Prog. Rep., Contract DA-49-146-XZ-055,

Lovelace Foundation for Medical Education and Research, Albuquerque, N. Mex., Jan. 18, 1965.

72. BOYCOTT, a. E.; DAMANT, G. C. C.; AND HALDANE, J. S.: The prevention of compressed air

illness. J. Hyg., 8: 342-443, 1908.

73. BRADNER, H.; AND MACKAY, R. S.: Biophysical limitations on deep diving: Some limiting per-

formance expectations. Bull. Math. Biophys., 25 (3): 251-272, 1963.

74. BRESTKIN, A. P.: Elimination of free nitrogen from organism in gas embolism, theoretic basis.

Klin. Med., 3 (32): 70-75, 1954.

246-829 0-67--9

121



122 PHYSIOLOGICAL FACTORS OF INERT GASES

75. BRESTKIN, A. P.: Relationship Between the Supersaturation Coefficient of Gas-Liquid Systems

and the Tension of Dissolved Gas, in Brestl_in, M. P. (ed.), The Effect of the Gas Medium and

Pressure on Body Functions. Collection No. 3, NASA-TT-F-358, Washington, D.C., 1%5,

pp. 10-17.

76. BRESTKIN, A. P.; GRAMENITSKII, P. n.; AND SIDOROV, N. YA.: Study of the Safe Supersaturation

of the Body With Indifferent Gases at Different Pressures, in Brestkin, M. P. (ed.), The Effect

of the Gas Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-F-358,

Washington, D.C., 1965, pp. 18-27.

77. BROKAW, R. S.: Approximate Formulas for Viscosity and Thermal Conductivity of Gas Mixtures.

NASA-TN-D-2502, Lewis Research Center, Cleveland, Ohio,.Nov. 1964.

78. BRURAKER, D, W.; AND KAMMERMEYER, K.: Flow of gases through plastic membranes. Ind.

Eng. Chem., 45:1148-1152, 1953.

79. BRUNNER, F. P.; FRICK, P. G.; AND B_HLMANN, A. A.: Post-decompression shock due to extra-

vasation of plasma. Lancet, 1: 1071-1073, 1964.

80. BUACHIDZE, L. N.; AND SMOL'NIKOV, V. P.: Xenon anesthesia in man. Vestn. Akad. Med. Nauk

SSSR, 17 (8): 22-25, 1962 (in Russian). (For English translation, see JPRS-15931.)

81. BUGHHEIT, R. G.; SCHREINER, H. R.; AND DOEBItLER, G. F.: Growth responses of Neurospora

crassa to increased partial pressures of the noble gases and nitrogen. J. Bacteriol., 91 (2):

622--627, Feb. 1966.

82. BI)HLMANN, A. A.: The respiratory physiology of deep sea diving. Schweiz. Med. Wochschr.,

19: 774, 1%1.

83. BI..fHLMANN, A. A.: Respiratory Resistance With Hyperbaric Gas Mixtures, in Lambertsen, C. J.,

and Greenbaum, L. J. (eds.), Second Symposium on Underwater Physiology. NAS-NRC Pub.

1181, Washington, D.C., 1963, pp. 98-107.

84. BUHLMANN, A. A.: Towards Great Depths. University of Zurich, Switzerland (translated from

the French by Mary Miles).

85. BURKHARDT, W. L.: ADLER, H. F.; THOMETZ, A. F.; ET At..: Decompression sickness. J.A.M.A.,

133: 373-377, Feb. 8, 1947.

86. BURKHARDT, W. L.; ADLER, H.; THOMETZ, A. F.; ET AL.: A roentgenographic study of "bends"

and "chokes" at altitude. J. Aviation Med., 17: 462-477, 482, 1946.

87. Busn+, D. E.: Department of Aerospace Medicine and Bioastronautics, Lovelace Foundation for

Medic'al Education and Research, Albuquerque, N. Mex., personal communication, 1%5.

88. BUSEMANN, A.: Hodographcnmethode der Gasdynamik. Z.A.M.M., 17: 73, 1937.

89. CANNON, P., AND GOULD, T, a.: Treatment of severe decompression sickness in aviators. Brit.

Med. J., 5378: 278-282, Feb. 1, 1%4.

90. CARPENTER, ]_. G.: Depressant action of inert gases on the central nervous system in mice. Am.

J. Physiol., 172: 471-474, Feb. 1963.

91. CARPENTER, F. G.: Anesthetic action of inert and unreactive gases on intact animals and isolated

tissues. Am. J. Physiol., 178: 505-509, Sept. 1954.

92. CARPENTER, F. G.: Aheration in mammalian nerve metabolism by soluble and gaseous anes-

thetics. Am. J. Physiol., 187: 573-578, 1956.

93. CARPENTER, F. G.: Kinetics of blockade in peripheral nerve fibers produced by anesthetic gases.

Federation Proc., 18: 23, 1959.

94. CARSTENSEN, E. L.; AND FOLDY, L. L.: Propagation of sound through a liquid containing bubbles.

J. Acoust. Soc. Am., 19: 481-501, 1947.

95. CATCHPOLE, H. R.: AND GERSH, l.: Pathogenetic factors and pathological consequences of de-

compression sickness. Physiol. Rev., 27: 360-397, 1947.

96. CAVAGNA, G. A.; AND MARGARIA, n.: An analysis of the mechanics of phonation. J. Appl.

Physiol., 20 (2): 301-307, Mar. 1965.

97. CHANG, Y.-P.: Final Report. Section 1-An Analysis of the Critical Conditions and Burnout in

Boiling Heat Transfer. Section 2- A Correlation of Boiling Heat Transfer from the Nucleation

Theory-lncluding Effects of System Acceleration and Forced Convection. TID-14004,

University of Notre Dame, Notre Dame, Ind., 1961.

98. CLAMANN, H. G.: Decompression Events attd Protection. (Unpublished Report Presented to

the NASA Research Advisory Committee on Biotechnology and Human Research, Ames

Research Center, Calif., May 22-24, 1963.)

99. CLARK, R. T.: CLAMANN, H. G.; BALKE, B.: ET AL.: Basic research problems in space medicine:

a review. Aerospace Med., 31: 553-577, 1960.

[00. CLARKE, R. W.; HUMM, F. D.; AND N1MS, L. F.: The Efficacy of Preflight Denitrogenation in the

Prevention of Decompression Sickness. NAS-NRC-CAM-472, National Research Council,

Committee on Aviation Medicine, Sept. 5, 1945.



REFERENCES

101.CLAY,J.R.:Histopathologyofexperimentaldecompressionsickness.Aerospace Med., 34:
1107-1110, 1963.

102. CLEMENTS, J. A.; AND WILSON, K. n.: The af_nity of narcotic agents for interfacial films. Proc.

Nat. Acad. Sci. 48: 1008-1014, 1962.

103. CLEVER, H. L.; BATTINO, R.; SAYLOR, J. H.; AND GROSS, P. M.: The solubility of helium, neon,

argon and krypton in some hydrocarbon solvents. J. Phys. Chem., 61: 1078-1082, 1957.

104. CLINCOPATHOLOGIC CONFERENCE: Decompression Sickness. U.S. Armed Forces Med. J., 6:

1787-1799, 1955.

105. COCKETT, A. T. K.; AND NAKAMURA, R. M.: Newer concepts in the pathophysiology of experi-

mental dysbarism-decompression sickness. Am. Surgeon, 30: 447-451, 1964.

106. COHN, R.; AND KATZENELBOGEN, S.: Electro-encephalographic Studies. U.S. Naval Medical

Bulletin, 37: 596-599, Oct. 1939.

107. CONDON, E. U.; AND ODISHAW, H., EDS.: Handbook of Physics. McGraw-Hill Book Co., Inc.,

New York, 1958, pp. 5-55, 5-56.

108. CONDON, E. U.; AND ODISHAW, H., EOS.: Handbook of Physics. McGraw-Hill Book Co., Inc.,

New York, 1958, pp. 5-57, 5-58.

10% (_OOK, G. A., ED.: Argon, Helium and the Rare Gases. Vols. I and II, Interscience Publishers,

New York, 1961.

110. COOK, G. A.: Chemical Properties, in Cook, G. A. (ed.), Argon, Helium, and the Rare Gases.

Vol. I, Interscience Publishers, New York, 1961, pp. 157-160.

111. COOK, S. F.: The effect of helium and argon on metabolism and metamorphosis. J. Cell. Comp.
Physiol., 36: 115-127, 1950.

112. COOK, S. F.: Role of Exercise, Temperature, Drugs and Water Balance in Decompression Sick-

ness, in Fulton, J. F. (ed.), Decompression Sickness. W.B. Saunders Co., Philadelphia, 1951,

pp. 223-241.

113. COOK, S. F.; AND LEON, H. A.: Physiological Effects of Inert Gases. AFMDC-TR-59-26, Uni-

versity of California, Berkeley, June 1959.

114. COOK, S. F.; AND SOUTH, F. E., JR: Helium and comparative in vitro metabolism of mouse-tissue

slices. Am. J. Physiol., 173: 542-544, June 1953.

115. COOK, S. F.; SOUTH, F. E., JR.; AND YOUNG, D. R.: Effect of helium on gas exchange of mice.

Am. J. Physiol., 164: 248-250, 1951.

116. COOKE, C.: U.S. Patent O_ce, 1923, Pat. No. 1,473,337.

117. COOKE, J. P.: Communication and sound transmission in helium and various gases at reduced

pressures. Aerospace Med., 35: 1050-1053, 1964.

118. COOKE, J. P.: Sound Transmission in Helium and Various Gases at Low Pressures. AF-SAM-

TDR-64-43, USAF School of Aerospace Medicine, Brooks AFB, Tex., May 6, 1964.

119. COOKE, J. P.; AND BEARD, S. E.: Verbal Communication Intelligibility in Oxygen-Helium and

Other Breathing Mixtures at Low Atmospheric Pressures. AF-SAM-TR-65-269, USAF School

of Medicine, Brooks AFB, Tex., Dec. 1965; also in Aerospace Med., 36 (12): 1167-1172, Dec.
1965.

120. COOPER, C. D.; COBB, G. C.; AND TOLNAS, E. L.: Visible spectra of XeO and KrO. J. Mol. Spectry.,

7: 223-230, 1961.

121. COREY, E. L.; AND LEWtS, E. G.: Etiology of explosive decompression injury. Am. J. Physiol.,

162: 452-457, 1950.

122. COTES, J. E.: Decomoression Sickness With Post-Decompression Collapse. FPRC-825, Great

Britain Flying Personnel Research Committee, Apr. 1953.

123. COULTER, N. A., JR.; AND PAPPENHEIMER, J. R.: Development of turbulence in flowing blood.

Am. J. Physiol., 159: 401-408, 1949.

124. COUSTEAU, J. Y.: At home in the sea. National Geographic, 124 (4): 465-507, Apr. 1964.

125. CROCKER, W. E.; AND HEMPLEMAN, H. V.: The Decompression Problems ot Diving to 600 Feet.

RNP-57-887, Royal Naval Physiological Lab., Alverstoke, Hants, England, Mar. 1957.

126. CULLEN, S. C.; AND GROSS, E. G.: The anesthetic properties of xenon in animals and human

beings, with additional observations on krypton. Science, 113: 580-582, May 18, 1951.

127. CULLIN$, T. E.: Space Cabin Leakage. DAC-A260-D520-TM-4, Douglas Aircraft Co., Santa

Monica, Calif., 1963.

128. DALE, W. A., AND RAHN, H.: Rate of gas absorption during atelectasis. Am. J. Physiol., 170:

606, 1952.

129. DAMANT, G. C. C.: Physiological effects of work in compressed air. Nature, 126 (2): 606-608,

1930.

123



124 PHYSIOLOGICAL FACTORS OF INERT GASES

130. DAMATO, M. J.; HIGHLY, M.; HENDLER, E., ET AL.: Rapid decompression hazards after prolonged

exposure to 50% oxygen-50% nitrogen atmosphere. Aerospace Med., 34: 1037-1040, 1963.

131. DANFORD, M. D., AND LEVY, H. A.: The structure of water at room temperature. J. Am. Chem.

Soc., 84: 3965-3966, 1962.

132. DAVIDSON, D.; EGGLETON, P.; AND FOGGIE, P.: The diffusion of atmospheric gases through fats

and oils. Quart. J. Exp. Physiol., 37: 91-104, 1952.

133. DAVIES, R., ED: Cavitation in Real Liquids, Proceedings of the Symposium on Cavitation in Real

Liquids. Elsevier Publishing Co., New York, 1964.

134. DAVSON, H.; AND DANIELLI, J. F.: The Permeability of Natural Membranes. The Macmillan

Co., 1943, p. 3.

135. DEAN, R. B.: The formation of bubbles. J. Appl. Phys. 15: 446-451, 1944.

136. DEGNER, E. A.; IKELS, K: G.; AND ALLEN, T. H.: Dissolved nitrogen and bends in oxygen-nitrogen

mixtures during exercise at decreased pressures. Aerospace Med., 36: 418-425, May 1965.

137. DIANOV, A. G.: The Possibility of Replacing the Nitrogen in the Air With Helium in Spacecraft

Cabins and the Effectiveness of Using a Helium-Oxygen Mixture for Ventilation in Spacesuits.

NASA-TT-F-9042, National Aeronautics and Space Administration, Washington, D.C.,

July 1964.

138. DICKSON, J. G.; MCINNES, J.; LINK, E.; AND LAMBERTSEN, E. J.: Problems of Prolonged Submer-

gence at Extreme Depth. Dept. of Pharmacology, University of Pennsylvania, School of Medi-

cine, Philadelphia, Pa., 1965 (unpublished data).

139. DITTMER, D. S.; AND GREBE, R. n.: Handbook of Respiration. WADC-TR-58-352, Wright Air

Development Center, Wright-Patterson AFB, Ohio, Aug. 1958.

140. DOMINO, E. F.; GOTTLIEB, S. F.; BRAUER, R. W.; CULLEN, S. C.; AND FEATHERSTONE, R. M.:

Effects of xenon at elevated pressures in the dog. Anesthesiology, 25: 43-53, 1964.

141. D(JRING, H.; AND HORNBERGER, W.: Drucksturz yon 3000-15000 m. Wirkung auf den Menschen.

Ber. 10475/41 Erprobungsstelle Rechlin, 1941.

142. DOWNEY, V. n.: WORLEY, T. W., JR.; HACKWORTH, R.; ET AL.: Studies on bubbles in human

serum under increased and decreased atmospheric pressures. Aerospace Med., 34, 116-118,

1963.
143. DRYDEN, C. E.; HAN, L. S.; HITCHCOCK, F. A.; AND ZIMMERMAN, R.: Artificial Cabin Atmosphere

Systems for High Altitude Aircraft. WADC TR-55-353, Wright Air Development Center,

Wright-Patterson AFB, Ohio, Nov. 1956.
144. DUBLIN, W. B.: BALDE_S, E. J.: AND WILLIAMS, M. M. D.: Voice changes with a mixture of helium

and oxygen. Proc. Staff Meetings Mayo Clinic, 15: 586-588, 1940.

145. DUFFNER, G. J.: The underseas environment. Military Med., 128: 483-492, 1963.

146. DUFFNER, G. J.: Use of Helium in Mixed-Gas Scuba. Proj. NS 186-201 2(2), Proj. Outline No. 1,

Navy Experimental Diving Unit, Washington, D.C.

147. DUFFNER, G. J.: AND SNIDER, n. H.: Effects of Exposing Men to Compressed Air and Helium-

Oxygen Mixtures for 12 Hours at Pressures 2-2.6 Atmospheres. Res. Rep. 1-59, Navy Experi-

mental Diving Unit, Washington, D.C., Sept. 18. 1958.

148. DUNN, n. K.: The calculation of vowel resonances and an electrical vocal tract. J. Acoust. Soc.

Am., 22: 740-753, 1950.

149. DUNN', J. E._ BANCROFT, R. W.; HAYMAKER, W.; AND FOFT, J. W : Experimental Animal Decom-

pressions to Less Than 2 mm Hg Absolute (Pathologic Effects). AF-SAM-TR--65-48, Part B,

USAF School of Aerospace Medicine, Brooks AFB, Tex., June 1965.

150. DUSHMAN, S.: Scientific Foundations of Vacuum_l'echnique. John Wiley & Sons New York,

1949.

151. DWYER, J. W.: Calculation of Air Decompression Tables. Proj. NS185--005, Subtask 5, Test 3,

Res. Rep. 4-56, Navy Experimental Diving Unit, Washington, D.C., Nov. 29, 1955.

152. EATON, W. J.: Survey of One Hundred and Ten Cases of Compressed Air Illness in Goats Which

Required Therapeutic Recompression. 1/59; UPS 183; Royal Naval Physiological Lab., Alver-

stoke, Hants, England, Apr. 1959.

153. EBERT, M., AND HORNSEY, S.: Effect on radiosensitivity of inert gases. Nature, 181: 613-616,

1958.

154. EBERT, M.; AND HOWARD, A.: Some conditions for the protective action of inert gases. Intern.

J. Radiation Biol. Suppl., 1960, pp. 195-202.

155. EGGLETON, P.; ELSDEN, S. R.; FEGLER, J.; ET AL.: Study of the effects of rapid 'decompression' in

certain animals. J. Physiol., 104: 129-150, 1945.

156. EINSTEIN, A.: Motion of suspended particles on the kinetic theory, Ann. Physik., 17: 549-560,

July 18, 1905.



REFERENCES

157.END,E.:Rapiddecompressionfollowinginhalationofhelium-oxygenmixturesunderpressure.
Am.J. Physiol., 120: 712-718, 1937.

158. EPPERSON, W. L.: Environmental Systems Division, School of Aerospace Medicine, Brooks Air

Force Base, Tex., personal communication, 1965.

159. EPSTEIN, P. S.; AND PLESSET, M. S.: On the stability of gas bubbles in liquid-gas solutions.

J. Chem. Phys., 18: 1505-1509, 1950.

160. EVANS, J. C.; AND ORKIN, L. R.: Protective effect of nitrous oxide against total-body radiation in

the mouse. Nature, 195: 822-823, Aug. 25, 1962.

161. EVANS, J. C.; ROBERTS, T. W.; AND ORKIN, L. R.: Modification of radiosensitivity of mice by inert

gases and nitrous oxide. Radiation Res., 21: 243-255, 1964.

162. FANT, G.; AND SONESSON, B.: Speech at High Ambient Air-Pressure. Quarterly Prog. and Stat.

Rep., STL-QPSR-2/1964, Royal Institute of Technology (Stockholm), July 1964, pp. 9-21.

163. FARHI, L. E.; EDWARDS, A. W. T.; AND HOMMA, T.: Determination of dissolved Nz in blood by

gas chromatography and (a-A)N2 difference. J. Appl. Physiol., 18: 97, 1963.

164. FARHI, E.; HOMMA, T.; BERGER, D.; ET AL." Tissue N= washout in the whole animal and in indi-

vidual organs. Physiologist, 5 (3): 138, Aug. 1962.

165. FEATHERSTONE, R. M.; MUEHLBAECHER, C. A.; DEBoN, F. L.; ET AL: Interactions of inert anes-

thetic gases with proteins. Anesthesiology, 22: 977-981, 1961.

166. FEATHERSTONE, R. n.; AND MUEHLBAECHER, C. A.: The current role of inert gases in the search

for anesthesia mechanisms. Pharmacol. Rev., 15: 97-121, 1963.

167. FEATHERSTONE, R. n., AND SCHOENBORN, B. P." Protein and lipid binding of volatile anesthetic

agents. Brit. J. Anaesthesia, 36: 150-154. 1964.

168. FEATHERSTONE, R. M.: Xenon Bonding to Proteins-Relationship to Anesthetic Action, in Drugs

and Enzymes, Pergamon Press, New York, 1965, pp. 233-241.

169. FERRIS, E. B.; AND ENGEL, G. L.: The Clinical Nature of High Altitude Decompression Sickness,

in Fulton, J. F. (ed.), Decompression Sickness. W.B. Saunders Co., Philadelphia, 1951, pp.
4-52.

170. FIDLAR, E.: Physiology of rare gases. Science, 72: 296-297, Sept. 19, 1930.

171. FISCHER, H.: Contribution to the problem of fat embolism in fatal rapid decompression. Mschr.

Unfallheilk., 66: 318-323, 1963.

172. FLETCHER, E. R.: Department of Physics, Lovelace Foundation for Medical Education and Re-

search, Albuquerque, N. Mex., personal communication, 1965.

173. FLIEGNER, A.: Ergebnisse einiger Versuche Uber das Ausstromen der atmospharischen Luft.

Civiling., 20: 13-47, 1874; 23: 445-510, 1877.

174. FLINN, D. E.; AND WOMACK, G. J.: Neurological Manifestations of Dysbarism: A Review and

Report of a Case With Multiple Episodes. Presented at the 34th Annual Meeting of the Aero-

space Medical Association, Los Angeles, Calif., Apr. 29-May 2, 1963.

175. FLYNN, E.; AND LAMBERTSEN, C. J." Dept. of Pharmacology, University of Pennsylvania, School

of Medicine, Philadelphia, Pa., 1965 (unpublished observations).

176. DE FORCRAND, R.: Chaleur de formation de l'hydrate de chlore. C.R. Acad. Sci., Paris, 133:
1304, 1901.

177. FORESTER, R. E.: Exchange of gases between alveolar air and pulmonary capillary blood: pul-

monary diffusing capacity. Physiol. Rev., 37: 39t-452, 1957.

178. Fox, F. E.; AND HERZFELD, K. F.: Gas bubbles with organic skin as cavitation nuclei. J. Acoust.

Soc. Am., 26: 984--989, 1954.

179. FOXBORO Co.: Foxboro Res. Rep. No. MR-- 138, Foxboro Co., Mass., 1956.

180. FRANK, H. S.; AND EVANS, M. W.: Free volume and entropy in condensed systems. III. Entropy

in binary liquid mixtures; partial molal entropy in dilute solutions; structure and thermo-

dynamics in aqueous electrolytes. J. Chem. Phys., 13: 507-532, 1945.

181. FRANK, H. S.; AND QUIST, A. S.: Pauling's model and the thermodynamic properties of water.

J. Chem. Phys., 34: 604-611, 1961.

182. FRANKEL, J.; AND SCHNEIDERMAN, n. A.: The effects of nitrogen, helium, argon and sulfur hexa-

fluoride on the development of insects. J. Cell. Comp. Physiol., 52: 431-451, 1958.

183. FRANKENHAEUSER, M.; GRAFF-LONNEVIG, V.; AND HESSER, C. n.: Effects on psychomotor func-

tions of different nitrogen-oxygen gas mixtures at increased ambient pressure. Acta Physiol.

Scand., 59: 400-409, 1963.

184. FRASER, T. M.: The Effects of Confinement as a Factor in Manned Space Flight. NASA CR-511,
1966.

125



126 PHYSIOLOGICAL FACTORS OF INERT GASES

185. FRYER, D. I.: Decompression Sickness at 18,500 Feet: A Case History with Comment. FPRC/

Memo 199, Flying Personnel Research Committee, RAF Institute of Aviation Medicine, Farn-

borough, Hants, England, Nov. 1963.

186. FULTON, J. F., ED.: Decompression Sickness. W.B. Saunders Co., Philadelphia, 1951.

187. FULTON, J. F.: Physiology of aviation and medical preparedness. Conn. Med. J., 4: 590-594,

1940.

188. GELFAN, S.; NIMS, L. F.; AND LIVINGSTON, D. B.: Explosive decompression at high altitude.

Am. J. Physiol., 162: 37-53, 1950.

189. GERSH, L, AND CATCHPOLE, H. R.: Decompression Sickness: Physical Factors and Pathologic

Consequences, in Fulton, J. F. (ed.), Decompression Sickness, W. B. Saunders Co., Philadel-

phia, 1951, pp. 165-181.

190. GERSH, I.; HAWKINSON, G. E.; AND JENNY, E. H.: Comparison of Vascular and Extravascular

Bubbles Following Decompression From High Pressure Atmospheres of Oxygen, Helium-

Oxygen, Argon-Oxygen and Air. Rep. No. 5, Res. Proj. X-284, Naval Medical Research

Institute, Bethesda, Md., Nov. 8, 1944.

191. GERTZ, K. H.; AND LOESCHCKE, H. H.: Bestimmung der Diffusions.Koeffizienten yon Hz, Oz, N2,

und He in Wasser und Blutserum bei konstant gehaltener Konektion. Zeits. fur Naturfor-

schung, 9b: 1-9, 1954.

192. GINWALA, K., ED.: Engineering Study of Vapor Cycle Cooling Equipment for Zero-Gravity En-

vironment, WADD-TR--60-776, Northern Research & Engineering Corp., Cambridge, Mass.,

Jan. 1961.

193. GOLDEN, R. M.: Improving Naturalness and Intelligibility of Helium Speech Using Vocoder

Techniques. Bell Telephone Laboratories, Murray Hill, N.J., Speech 4C3 to be given at the

Acoustical Society of America Meeting, Boston, Mass., June 1966.

194. G6RANSSON, A.; LUNDGREN, C.; AND LUNDIN, G.: A theoretical model for the computation of

decompression tables for divers. Nature, 199: 384-385, July 1963.

195. GOTTLIEB, S. F.; AND WEATHERL+, J. M.: Physiological effects of the noble gases on frog sciatic

nerve and gastrocnemius muscle. Am. J. Physiol., 208 (3): 407-411, 1965.

196. GOULD, T. R.: A review of the high-altitude selection test, 1961-1962. J. Roy. Nay. Med. Serv.,

49: 93-96, Spring 1963.

197. GRAHAM, R. W.; AND HENDmCKS, R. C.: A Study of the Effect of Multi-G Accelerations on

Nucleate-Boiling Ebullition. NASA TN D-1196, National Aeronautics and Space Adminis-

tration, Lewis Research Center, Cleveland, Ohio, May 1963.

198. GRAMENITSI_II, P. M.; AND SAVICH, A. A.: Provocation of caisson disease signs in animals emerg-

ing from increased pressure by subsequent ascent to altitude, in Brestkin, M. P. (ed.), The

Effect of the Gas Medium and Pressure on Body Functions. Collection No. 3, NASA TT F-

358, Washington, D.C., 1965, pp. 40--46.

199. GRAMEN|TSKII, P. M.; AND SAVICH, A. A.: Results of experimental analysis of decompression

air embolism, in Brestkin, M. P. (ed.), The Effects of the Gas Medium and Pressure on Body

Functions. Collection No. 3, NASA-TT-F-358, Washington, D.C., 1965, pp. 47-56.

200. GRAMENITSKII, P. M.; SAVlCH, A. A.; AND YUROVA, K. S.: The Effect of Different Gases on the

Organism After Intravenous Administration, in Brestkin, M. P. (ed.), The Effect of the Gas

Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-F-358, Washington,

D.C., 1965, pp. 57-63.

201. DES GRANGES, M.: Standard Air Decompression Table. Res. Rep. 5-57, Proj. NS185-005, Sub-

task 5, Test 3, Navy Experimental Diving Unit, Washington, D.C., Dec. 3, 1956.

202. GRAY, D. E., ED.: American Institute of Physics Handbook. McGraw-Hill Book Co., Inc., New

York, 1957.

203. GRAY, J. S.: Constitutional Factors Affecting Susceptibility to Decompression Sickness, in

Fulton, J. F. (ed.), Decompression Sickness. W. B. Saunders Co., Philadelphia, 1951, pp.

182-191.

204. GRAY, J. S.: Effect of Denitrogenation at Various Altitudes on Aeroembolism in Cadets. NRC-

CAM-258, National Research Council, Committee on Aviation Medicine, Washington, D.C.,

Jan. 5, 1944.

205. GREENE, O. V., JR.: Correlation of Dissolved Nitrogen in Whole Blood With Selected Whole

Blood Constituents. AF-SAM-TDR-63-92, USAF School of Aerospace Medicine, Brooks

AFB, Tex., 1963.

206. GREENSPAN, H. J.; AND CURTIS, D. L.: Cabin Sealing of Aerospacecraft. ASD-TDR--62-661,

Litton Systems, Inc., Beverly Hills, Calif., Feb. 1963.



REFERENCES

207.GRIBBLE,M.DEG.:A Comparisonof the "High-Altitude" and "High-Pressure" Syndromes of

Decompression Sickness. Flying Personnel Research Committee, RAF Institute of Aviation

Medicine, Farnborough, Hants, England, 1960.

208. GROVES, G., AND MUNK, W.: A Decompression Gauge for Divers. Rep. 53-64, University of

California, Scripps Institute of Oceanography, La Jolla, Calif., Dec. 10, 1953.

209. GUTHRIE, A.: Vacuum Equipment and Techniques. McGraw-Hill Book Co., Inc., New York,

1949, p. 192.

210. HARER, F.; AND CLAMANN, H. G.: Physics and Engineering of Rapid Decompression: A. General

Theory of Rapid Decompression. Proj. No. 21-1201-0008, Rep. No. 3, USAF School of Avia-

tion Medicine, Randolph Field, Tex., Aug. 1953.

211. HALDANE, J. S.: Secretion and absorption of gas in the swimming bladder and lungs. Sci. Progr.,
7: 120, 1898.

212. HAMILTON, R. W., JR." Physiological Responses at Rest and in Exercise During Saturation at 20

Atmospheres of He-Oz. To be presented at Third Symposium on Underwater Physiology,

sponsored by National Academy of Sciences-National Research Council and the Office of

Naval Research, Washington, D.C., Mar. 23-25, 1966.

213. HARVEY, E. N." Decompression sickness and bubble formation in blood and tissues. Bull. N.Y.

Acad. Med., 21: 505-536, 1945.

214. HARVEY, E. N." Physical Factors in Bubble Formation, in Fulton, J. F. (ed.), Decompression

Sickness. W.B. Saunders Co., Philadelphia, 1951, p. 108.

215. HAWKINS, J. A.; SHILLING, C. S., AND nANSEN, R. A.: A suggested change in calculating decom-

pression tables for diving. U.S. Naval Medical Bulletin, 33: 327-338, 1935.

216. HAYMAKER, W., AND JOHNSTON, A. D.; Pathology of decompression sickness: A comparison of

the lesions in airmen with those in caisson workers and divers. Military Med., 117: 285-306,
1955.

217. HEISIG, C. G.; AND MITCHELL, R. L.: An Ultrasonic Bubble Detector. ISA-11.1-164, Taylor

Instrument Companies, Rochester, N.Y., Oct. 15, 1962.

218. HEMPLEMAN, H. V.: Experiments in Safe Decompression. Royal Naval Physiological Lab.,

Alverstoke, Hants, England.

219. HEMPLEMAN, n. V." Tissue Inert Gas Exchange and Decompression Sickness, in Lambertsen,

C. J., and Greenbaum, L. J. (eds.), Second Symposium on Underwater Physiology. NAS-

NRC Pub. 1181, Washington, D.C., 1963.

220. HEMPLEMAN, n. V.; CROCKER, W. E., AND TAYLOR, n. J.: Investigation into the Decompression

Tables. Report III. Part A. A New Theoretical Basis for the Calculation of Decompression

Tables. Part B. A Method of Calculating Decompression Stages and the Formulation of New

Diving Tables. RNP 52/708, Royal Naval Physiological Lab., Alverstoke, Hants, England,
1952.

221. HENN, R. H. E.; AND WIJNSCHE, O.: Experimental Study on Fat Embolism in Decompression,

in 1 hh European Aeronautical and Cosmonautical Medical Congress. DVL No. 273, Deutsche

Versuchsanstah fur Luft- und Raumfahrt, E. V., Sep. 1963.

222. HENRY, F. M." The Aeroembolism Problem for Long-Range Missions. WADC-TR-52-84, Wright

Air Development Center, Wright-Patterson AFB, Ohio, Feb. 1952.

223. HENRY, F. n.: Aviators "Bends" Pain as Influenced by Altitude and Inflight Denitrogenation.

WADC-TR-53-227, University of California, Berkeley, Mar. 1953.

224. HENRY, F. n.; COOK, S. F.; AND LUND, D. W." An Effective Decompression Sickness Classifica-

tion Test and a Method for Evaluating Its Usefulness. NRC--CAM-421, National Research

Council, Committee on Aviation Medicine, Washington, D.C., Feb. 24, 1945.

225. HENRY, F. M.; COOK, S. F., STRAJMAN, E.; AND LUND, D. W.: Effectiveness of Preflight Oxygen

Breathing in Preventing Decompression Sickness. NRC-CAM-384, National Research

Council, Committee on Aviation Medicine, Washington, D.C., Oct. 30, 1944.

226. HENRY, J. P.: A Determination of the Mechanical Limits of Safe Pressurization of the Mam-

malian Lung. OSRD--463, Office of Scientific Research Development, Washington, D.C..
1945.

227. HENRY, J. P.; GREELEY, P. O.; MEEHAN, J.; AND DRURY, D. R.: A Case of Sudden Swelling of the

Hands Occurring at 58,000 Feet Simulated Altitude. NRC-CAM-393, National Research

Council, Committee on Aviation Medicine, Washington, D.C., Dec. 1, 1944.

228. HERSHEY, J. W.: Physiological effects of oxygen atmospheres diluted by nitrogen. Kansas Acad.

Sci. Trans., 32: 51-52, 1929.

229. HERSHEY, J. W.: A study of the components of air in relation to animal life. Kansas Acad. Sci.

Trans., 31: 101-102, 1928.

127



128 PHYSIOLOGICAL FACTORS OF INERT GASES

230. HETHERINGTON, A. W.; AND MILLER, R. A.: The effect of intravenous nitrogen on the respiration

and circulation of the cat. Federation Proc., 5: 46, 1946.

231. HIATT, E. P.: Department of Physiology, Ohio State University, Columbus, Ohio, personal com-

munication, 1964.

232. HIATT, E. P.; AND WEISS, H. S.: Biological Effects of Prolonged Exposure of Small Animals to

Unusual Gas Environments. Semi-Annual Report, Mar. 1, 1964-Aug. 31, 1964, RF Proj. 1492,

Rep. No. 4, Ohio State University Research Foundation, Columbus, Ohio, Sept. 1965 (unpub-

lished preliminary data).

233. HILDEBRAND, J. H.: Solubility of Nonelectrolytes. 2d ed., Reinhold Publishing Corp., New York,

1936, p. 32.

234. HILL, A. V.: The diffusion of oxygen and lactic acid through tissues. Proc. Roy. Soc., Biol., 104:

39-96, 1928.

235. HITCHCOCK, F. A.: Physiological and pathological effects of explosive decompression. J. Aviation

Med., 25: 578-586, 1954.

236. HITCHCOCK, F. A.: Studies in Explosive Decompression: Physiological and Pathological Effects.

WADC-TR-53-191, Laboratory of Aviation Physiology, Ohio State University, Columbus,

Dec. 1953.

237. HITCHCOCK, F. A.; AND KEMPH, J. P.: The boiling of body liquids at extremely high altitudes.

J. Aviation Med., 26: 289-297, 1955.

238. HODGMAN, C. D., ED: Handbook of Chemistry and Physics. 43rd Ed. Chemical Rubber Pub-

lishing Co., Cleveland, 1961.

239. HOUGHTON, C.: Douglas Aircraft Co., Santa Monica, Calif., personal communication, 1964.

240. HUNT, F. V.: Propagation of Sound in Fluids, in Gray, D. E. (ed), American Institute of Physics

Handbook. McGraw-Hill Book Co., Inc., New York, 1957, pp. 3-25 to 3-56.

241. IKELS, K. G.: Determination of the Solubility of Neon in Water and Extracted Human Fat. AF-

SAM-TDR-64-28, USAF School of Aerospace Medicine, Brooks AFB, Tex., May 1964.

242. IKELS, K. G.: Determination of the Solubility of Nitrogen in Water and Extracted Human Fat.

AF-SAM-TDR-64-1, USAF School of Aerospace Medicine, Brooks AFB, Tex., Feb. 1964.

243. IVANOV, P. N.: Pathogenesis of high-altitude emphysema. Federation Proc. (Transl. Suppl.),

23: 417-419, 1964.

244. IVANOV, P. N.; KEZNETSOV, A. (_.; MALKIN, V. B.; ET AL: Decompression phenomena in the

human body in conditions of extremely low atmospheric pressure. Biophysics, 5: 797-803,

1960.

245. JENKINS, A. C.; AND COOK, (,. A.: Gas-Phase Properties, in Cook, G. A. (ed.), Argon, Helium,

and the Rare Gases. Vol. I, Interscience Publishers, New York, 1961, p. 174.

246. JONES, H. B.: Gas Exchange and Blood-Tissue Perfusion Factors in Various Body Tissues, in

Fulton, J. F. (ed.), Decompression Sickness. W. B. Saunders Co., Philadelphia, 1951, pp.

278-321.

247. JONES, H. B.: Preoxygenation and the Rate of Nitrogen Elimination With Regard to Decompres-

sion Sickness. NRC-CAM-491, National Research Council, Committee on Aviation Medi-

cine, Washington, D.C.. Oct. 1945.

248. JONES, H. B.: Respiratory system: nitrogen elimination. Med. Phys., 2: 855-871, 1950.

249. JONES, H. B.: Respiratory System: Nitrogen Elimination, in Glasser, O. (ed.), Medical Physics.

Vol. II. Year Book Publishers, Chicago, 1950, pp. 855-871.

250. KAMMERMEYER, K.; AND RUTZ, L. O.: Gas and vapor flow in microporous bubbles. Chem.

Eng. Progr., Symp. Ser., 55 (24): 163-169, 1959.

251. KELLER, J. B.: Growth and Decay of Gas Bubbles in Liquids, in Davies, R. (ed.), Cavitation in

Real Liquids. Proceedings of the Symposium on Cavitation in Real Liquids, Elsevier Publish-

ing Co., New York, 1964, pp. 19--29.

252. KELLER, H.; AND BIJHLMANN, A. A.: Problem der Decompressions-Berechnungen. Helv. Med.

Acta, 28: 764-774, 1961.

253. KELLER, n.; AND BtJHLMANN, A. A.: Deep diving and short decompression by breathing mixed

gases. J. Appl. Physiol., 20 (6): 1267-1270, 1965.
254. KINGDON, KENNETH H.: Enhancement of the evaporation of water by foreign molecules adsorbed

on the surface. J. Phys. Chem., 67: 2732-2737, 1963.
255. KINGDON, K. H.: Influence of ambient gases on the rate of evaporation of water. Nature, 206

_4989): 1148-1149, June 1965.

256. KELTON, A. A.; AND KIRBY, J. K.: Total Oxygen Pressure and Radiation Mortality in Mice. Doug-

las Paper 2030, Douglas Missile & Space Systems Div., Douglas Aircraft Co., Santa Munica,

Calif., 1964.



REFERENCES

257.KEMPH,J.P.;BURCH,B.H.;BEMAS,F.M.;ANDHITCHCOCK,F.A.:Furtherobservationsondogs
explosivelydecompressedtoanambientpressureof30mmHg. J. Aviation Med., 24: 107-112,

1954.

258. KERN, J. D.: The Etiology and Pathological Physiology of Decompression Sickness. Rep. No.

345, Naval Medical Research Lab., New London, Conn., Dec. 15, 1960.

259. KETY, S. S.: The theory and applications of the exchange of inert gas at the lungs and tissues.

Pharmacol. Rev., 3: 1-41, 1951.

260. KETY, S. S.; HARMEL, M. H.; BROMELL, H. T.; AND RHODE, C. B.: The solubility of nitrous oxide

in blood and brain. J. Biol. Chem., 173: 487-496, 1948.

261. KIESSLING, R. J.: The Development of a Test to Determine the Adequacy of Decompression

Following a Dive. Res. Rep. 2-60, Navy Experimental Diving Unit, Washington, D.C., Feb. 15,

1960.

262. KILCHE$, R.: Atmospheric pressure drop and warm-blooded organisms. Luftfahrtmedizin, 7:

34-45, 1943.

263. KLOCKE, n. A.; GURINER, G. H.; AND FARHI, L. E.: Gas transfer across the skin in man, in Rahn,

H. and Farhi, L. E. (eds.), Studies in Pulmonary Physiology, Mechanics, Chemistry, and Circu-

lation of the Lung. Vol. I, AMRL-TDR-63-103, Wright-Patterson AFB, Ohio, Oct. 1963, pp.

181-186.

264. KLOSOVSKII, B. N.: Blood circulation in the brain. Gosudarstvennoe lzdatel'stvo Meditsinskoi

LiteraturyMedgiz, 1951. (OTS-63-11171.)

•265. KLOTZ, |. n.: Protein hydration and behavior. Science, 182: 815-822, Oct. 10, 1958.

266. KOESTLER, A. G.: The Effect on the Chimpanzee of Rapid Decompression to a Near Vacuum.

NASA-CR-329, Air Force Systems Command, Holloman Air Force Base, N. Mex., Contract

No. T-27210G, Nov. 1965.

267. KOLDER, H. J.: Explosive Dekompression auf Unterdruck. Sitzungsber. Osterr. Akad. Wissensch.

Smn., 165: 358-419, I956.

268. KOVELENKO, YE. A.; AND YURKOV, YU. A.: The gaseous composition of gas bubbles in high alti-

tude tissue emphysema. Pat. Fiziol. Eksperium. Teor., 5: 26-29.

269. KROGH, A. S.: The rate of diffusion of gases through animal tissues, with some remarks on the

coefficient of invasion. J. Physiol., 52: 391-408, 1919.

270. KUZNETSOV, A. G.; AGADZHANYAN, N. A.; DIANOV, A. G.; AND ZHAROV, S. G.: Effect on the Body

of Prolonged Exposure to Conditions of Artificial Atmosphere. NASA-TT-F-276, National

Aeronautics and Space Administration, Washington, D.C., 1964.

271. LAMBERTSEN, C. J.; AND GREENBAUM, L. J., EDS.: Second Symposium on Underwater Physi-

ology. NAS-NRC Pub. 1181, Washington, D.C., 1963.

272. LAMBERTSEN, C. J.; AND MCMAHON, G. J.: Department of Pharmacology, University of Penn-

sylvania, School of Medicine, Philadelphia, 1965 (unpublished observations).

273. LANNUNG, A.: The solubilities of helium, neon, and argon in water and some organic solvents.

J.A.C.S., 52: 68, 1930.

274. LANPHIER, E. H.: Nitrogen-Oxygen Mixture Physiology. Rep. 7-55, Phase 1 and 2, Navy Ex-

perimental Diving Unit, Washington, D.C., 1955.

275. LANPHIER, E. n.: Interactions of Factors Limiting Performance. To be presented at the Third

Symposium on Underwater Physiology sponsored by National Academy of Sciences-National

Research Council and the Ott_ce of Naval Research, Washington, D.C., Mar. 23-25, 1966.

276. LAWRENCE, J. H.; LOOMIS, W. F.; TOBIAS, C. A.; ET AL.: Preliminary observations on the narcotic

effect of xenon with a review of values for solubilities of gases in water and oils. J. Physiol.,

105: 197-204, 1946.

277. LAWRENCE, J. H., AND HAMILTON, J. G.: Bi-monthly Progr. Rep. No. 25 to C.M.R. Contract OEM

CMR-196, U.S. ORDD-NRDC, Dec. 1945.

278. LAZAREV, N. V.: Biological Actions of Gases Under Pressure. Army-Navy Med. Academy,

Leningrad, 1941.

279. LAZAREV, N. V.: General Theories of Anesthetics and Anesthesia. Leningrad, 1958.

280. LAZAREV, N. V.; LYUBLINA, Y. I.; AND MADORSKAYA, n. Y.: Narcotic action of xenon. Fiziol.

Zh., SSSR, 34: 1317134, 1948.

281. LEBEDINSKIY, Z.; LEVINSKIY, S.; AND NEFEDOV, YU.: Man in space vehicle. Meditsinskaya

Gazeta 75 (2342): 3, Sept. 18, 1964.

282. LEVERETT, S. D., JR.; BITTER, H. L.; AND MCIVER, R. G.: Studies in Decompression Sickness:

Circulato_ and Respiratory Changes Associated With Decompression Sickness in Anes-

thetized Dogs. AF-SAM-TDR-63-7, USAF School of Aerospace Medicine, Brooks AFB,

Tex., Mar. 1963.

129



130 PHYSIOLOGICAL FACTORS OF INERT GASES

283. LEVY, L.: AND FEATHERSTONE, R. M.: The effect of xenon and nitrous oxide on in vitro guinea pig

brain respiration and oxidative phosphorylation. J. Pharmaeol. Exp. Therap., 110: 221-225,

1954.

284. LIEVERMANN, L.: Air bubbles in water. J. Appl. Phys., 28: 205-211, 1957.

285. LIESEGANG, R. E.: Handbook of Biological Work Methods. Vol. III, No. 1, 1920, p. 33.

286. LINAWEAVER, P. G., JR.: Injuries to the chest caused by pressure changes, compression and de-

compression. Am. J. Surg., 105: 514-521, 1%3.

287. LINDE DIVISION, UNION CARBIDE CORP.: Rare Gases Brochure. Latest edition.

288. LINK, E. A.: Outpost under the ocean. National Geographic, 127 (4): 530-532, Apr. 1965.

289. LIVSHITS, V. A.: Simple Calculated Tissue Models, in Brestkin, M. P. (ed.), The Effect of the Gas

Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-F-358, Washington,

D.C., 1965, pp. 92-95.

290. LUFT, U. C.: Aviation Physiology, The Effects of Altitude, in Handbook of Respiration Physiology.

Vol. II, 1964.

291. LUFT, U. C.: Physiological aspects of pressure cabins and rapid decompression, in Boothby, W.

(ed.), Handbook of Respiratory Physiology. USAF School of Aviation Medicine, Randolph

Field, Tex., 1954.

292. LUFT, U. C.; AND BANCROFT, R. W.: Transthoraeic Pressure in Man During Rapid Decompres-

sion. Rep. AF-SAM-56--61, USAF School of Aviation Medicine, Randolph Field, Tex., Aug.

1956.

293. LUFT, U. C.; BANCROFT, R. W.; AND CARTER, E. T.: Rapid Decompression With Pressure-De-

mand Oxygen Equipment. Proj. No. 21-1201-0008, Rep. 2, USAF School of Aviation Medi-

cine, Randolph Field, Tex., Apr. 1953.

294. LUNDIN, G.: Nitrogen elimination during oxygen breathing. Acta Physiol. Scand., 30 (Suppl.

111): 130-143, 1953.

295. MCELROY, W. D.; AND WHITELEY, A. n.: Relation of gas tension and hydrostatic pressure to

intravascular bubble formation. Am. J. Physiol., 147: 19-27, 1946.

296. MACHE, H.: The diffusion and transition of gases into liquids. 1. Solution and growth of air

bubbles in water. Sitzber. Akad. Wiss. Wien., Abt. 11,4,138: 529-556, 1929.

297. MAN, E. B.; AND GILDEA, E. F.: The effect of the ingestion of a large amount of fat and of a bal-

anced meal on the blood lipids of normal man. J. Biol. Chem., 99: 61-69, 1932.

298. MANLEY, O. n. J. P.: Change of size of air bubbles in water containing a small dissolved air con-

tent. Brit. J. Appl. Phys., I1: 38-42, 1960.

299. Mansfield, W. W.: Influence of gases on the rate of evaporation of water. Nature. 205 (4968):

278, Jan. 1965.

300. MARBARGER, J. P.: KADETZ, W._ AND PALTABAKAS, J.: Gaseous Nitrogen Elimination at (;round

Level and Simulated Altitude and Occurrence of Decompression Sickness. Rep. AF-SAM-

55-73, USAF School of Aviation Medicine, Randolph Field, Tex.. Feb. 1956.

301. MARBARGER, J. P.: KEMP, W. E.: KADETZ, W.: ET AL.: Studies in Aeroembolism. Rep. AF-

SAM-57-44, USAF School of Aviation Medicine, Randolph Field, Tex., Feb. 1957.

302. MARKHAM, A. E.; AND KOBE, K. A.: The solubility of gases in liquids. Chem. Rev., 28: 519-588,

1941.

303. MAROTTA, S. F., MARBARGER, J. P.:, AND ANDERSEN, H.: Incidence of bends folh)wing partial

denitrogenation at simulated altitude. Aerospace Med., 32: 289-295, Apr. 1961.

304. MABQUET, W. M.:, ELLIS, J. P.:, AND LINK, E. A.: Man in Sea Project. Test Series Rep. No. 1,

General Precision, Inc., Link Div., Binghamton, N.Y.

305. MASLAND, R. L.: Injury of the Central Nervous System Resulting From Decompression to Sim-

ulated High Altitude. AF-SAM-481-1, USAF School of Aviation Medicine, Randolph Field,

Tex., 1946.

306. MASLAND, R. L.: Injury of the central nervous system resulting from decompression to simu-

lated high altitudes. Arch. Neurol. Psych., 59: 445-456, 1948.

307. MASON, E. A.; AND SAXENA, S. C.: Approximate formula for the thermal conductivity of gas

mixtures. Phys. Fluids, 1: 361-369, 1958.

308. MASON, J.: AiResearch Manufacturing Co., Los Angeles, Calif., personal communication, 1965.

309. MASON, J.: The Two-Gas Spacecraft Cabin Atmosphere, Engineering Considerations. Internal

Document SS-3223, AiResearch Manufacturing Co., Los Angeles, Calif., 1964.

310. MAVRIPLIS, F.: Decompression of a pressurized cabin. Can. Aeron. Space J., 9: 313-318, 1%3.

311. MCINNES, J.: DICKSON, J. G." AND LAMBERTSEN, C. J.: Department of Pharmaeob)gy, Uniw, rsity

of Pennsylvania, School of Medicine, Philadelphia, 1965 (unpublished observations).

312. METSCHUL, J. J.: The supersaturation of gases in water and certain organic liquids. J. Phys.

Chem., 28: 417-437, 1924.



REFERENCES

313. MEYER, E.; AND SKUDRZYK, E.: Acoustical properties of gas bubble screens in water. Acustica,

3: 434, 1953.

314. MILLER, S. L.: A theory of gaseous anesthetics. Proc. Nat. Acad. Sci. 47: 1515--1524, Sept. 1961.

315. MOLNAR, D. M.; BURRIS, R. H.; AND WILSON, P. W.: The effect of various gases on nitrogen

fixation by Azotobacter. J. Am. Chem. Soc., 70: 1713-1716, 1948.

316. MOLUMPHY, G. G.: Evaluation of Newly Computed Helium-Oxygen Decompression Tables at

Depths Greater Than Provided in the Published Tables. Rep. No. 9--50, Navy Experimental

Diving Unit, Washington, D.C., Oct. 1950.

317. MOMSEN, C. B.: Report on Use of Helium Oxygen Mixtures for Diving. Experimental Diving

Unit, Washington, D.C., 1939.

318. MORALES, n. F.: AND SMITH, R. E.: On the theory of blood-tissue exchange of inert gases. VI.

Validity of approximate uptake expressions. Bull. Math. Biophys., 10: 191-200, 1948.

319. MORALES, M. F.; AND SMITH, R. E.: Physiological factors which govern inert gas exchange.

Bull. Math. Biophys., 7: 99-106, 1945.

320. Moams, L. E.; KNOTT, J. R.; AND PITTINGER, C. B.:_ ET AL.: Electro-encephalographic and blood

gas observations in human surgical patients during xenon anesthesia. Anesthesiology, 16:

312-319, 1955.

321. MORRISON, T. J.: AND JOHNSTONE, N. B.: Solubilities of the inert gases in water. J. Chem. Soc.,
Part IV, 1954, pp. 3441-3446.

322. MULLER, H. R., AND VON STACKELBERG, n.: Concerning the structure of gas hydrates. Natur-

wissenschaften, 39 (1): 20-21, Jan. 1952. (Text in German.)

323. MULLINS, L. J.: Some physical mechanisms in narcosis. Chem. Rev., 54: 289-323, 1954.

324. VAN MUSSCHENBROEK, P.: A_ris presentia in humoribus animalibus. Lugd. Bat., S. Luchtmans,
1715.

325. NEMETHY, G.: AND SCHERAGA, H. A.: Structure of water and hydrophobic bonding in proteins.

I. A model for the thermodynamic properties of liquid water. J. Chem. Phys., 36: 3382-3400,
1962.

326. NEMETHY, G., AND SCHERAGA, H. A.: Structure of water and hydrophobic bonding in proteins.

II. Model for the thermodynamic properties of aqueous solutions of hydrocarbons. J. Chem.

Phys., 36: 3401-3417, 1962.

327. NESSlRIO, B. A.: Adaptive Reaction of the Human Body to Repeated Effects of Increased Air

Pressure (According to Data on the Study of Higher Nervous Activity), in Brestkin, M. P. (ed),

The Effect of the Gas Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-

F-358, Washington, D.C., 1965, pp. 212-219.

328. NEW SCIENTIST, EDITOR: Zurich test shows divers can work very deep. New Scientist, 16:

304-305, Nov. 8, 1962.

329. NIMS, L. F.: Environmental Factors Affecting Decompression Sickness. Part I. A Physical

Theory of Decompression Sickness, in Fulton, J. F. (ed.), Decompression Sickness. W.B.

Saunders Co., Philadelphia, 1951, pp. 192-222.

330. NIMS, L. F.: Brookhaven National Laboratory, Upton, N.Y. personal communication, 1963.

331. NUSSBAUM, E.: Radon Solubility in Body Tissues and in Fatty Acids. UR-503, University of
Rochester, N.Y., 1957.

332. O'NEAL, H. A.: BOND, G. F.; LANPHEAR, R. E.: ET AL.: An Experimental Eleven-Day Undersea

Saturation Dive at 193 Feet. ONR-ACR-108, Office of Naval Research, Department of the

Navy, Washington, D.C., June 14, 1965.

333. ORCUTT, F. S.: AND WATERS, R. M.: Possible influences of rare gases on physiology. Current

Res. Anesthesia Analgesia, 13: 238, 1934.

334. PARIBOK, V. P.: KRUPNOVA, G. F.: AND PRAVDINA. K. I.: Nature of the anti-radiation effect of

anesthetics and localization of the sensitizing action of oxygen. Radiobiologiya, 2 (3): 473-
480, 1962.

335. PARSONS, V. A.: A brief review of aviator's decompression sickness and the high altitude selec-

tion test. J. Roy. Naval Med. Sew., 44: 2-13, 1958.

336. PATTLE, R. E.: Surface lining of lung alveoli, Physiol. Rev., 45: 48-79, 1965.

337. PAULING, L.: A molecular theory of general anesthesia. Science, 134: 15, 1961.

338. PEASE, D. C.:, AND BLINKS, L. R.: Cavitation from solid surfaces in the absence of gas nuclei.

J. Phys. Chem., 55: 555-567, 1947.

339. PETERSON, R. E.: Veterans Administration Hospital, Iowa City, Iowa, personal communication,
1965.

340. PHILP, R. B.; AND GOWDEY, C. W.: Decompression sickness in rats during exercise at simu-

lated low altitudes after exposure to compressed air. Aerospace Med., 33: 1433-1437, 1962.

341. PHILP, R. B.; AND GOWDEY, C. W.: Experimental analysis of the relation between body fat and

susceptibility to decompression sickness. Aerospace Med., 35: 351-356, 1964.

131



132 +PHYSIOLOGICAL FACTORS OF INERT GASES

342. PICCARD, J.: Aero-cmphysema and the birth of gas bubbles. Proc. Staff Meetings Mayo Clinic,

16: 700-704, 1941.

343. PIIPER, J.; CANFIELD, a. E.; AND RAHN, H.: Absorption of various inert gases from subcutaneous

gas pockets in rats. J. Appl. Physiol., 17: 268-274, 1962.

344. PIRANI, M. S.; AND YARWOOD, J.: Principles of Vacuum Engineering. Reinhold Publishing Corp.,

New York, 1961.

345. PITTINGER, C. B.; FEATHERSTONE, R. M.; CULLIN, S. C.; ET AL.: Comparative in vitro study of

guinea pig brain oxidations as influenced by xenon and nitrous oxide. J. Lab. Clin. Med., 38:

384-387, 1951.

346. PITTINGER, C. B.; FAULCONER, A., JR.; KNOTT, J. R.; ET AL.: Electro-encephalographic and other

observations in monkeys during xenon anesthesia at elevated pressures. Anesthesiology, 16:

551-563, 1955.

347. PITTINGER, C. B.; CONN, n. L.; FEATHERSTONE, R. M.; ET AL.: Observations on the kinetics of

transfer of xenon and chloroform between blood and brain in the dog. Anesthesiology, 17:

523-530, 1956.

348. PITTINGER, C. B.; AND KEASLING, n. H.: Theories of narcosis. Anesthesiology, 20: 204-213, 1959.

349. PLESSET, M. S.: Bubble Dynamics. Rep. No. 85-23, Division of Engineering and Applied Sci-

ence, California Institute of Technology, Pasadena, Calif., Feb. 1963.

350. PLESSET, n. S.: Bubble Dynamics, in Davies, R. (ed.), Cavita'tion in Real Liquids. Proceedings

of the Symposium on Cavitation in Real Liquids. Elsevier Publishing Co., New York, 1964,

pp. 1-18.

351. PLESSET, M. S.: The dynamics of cavitation bubbles. J. Appl. Mech., Sept. 1949, pp. 277-282.

352. POLUMISKOV, Yu. n.: The Problem of the Mechanism of Occurrence of Pulmonary Pressure

Trauma During the Breathing of Air and Oxygen, in Brestkin, M. P., (ed.), The Effect of the

Gas Medium and Pressure on Body Functions. Collection No. 3, NASA-TT-F-358, Wash-

ington,-D.C., 1965, pp. 220-227.

353. POLUMISKOV, Yu. M.: The Problem of tbe Effect of Breathing Oxygen in the Resorption of Gas

Emboli in the Vascular System of an Animal and on the Course of Pulmonary Pressure Trauma,

in Brestkin, M. P. (ed.), The Effect of the Gas Medium and Pressure on Body Functions. Col-

lection No. 3, NASA-TT-F-358, Washington, D.C., 1965, pp. 228-233.

354. POOL, J. L.: Cerebral vasospasm. New Engl. J. Med., 259: 1259-1264, Dec. 25, 1958.

355. POULTON, E. C.: CATTON, M. J.: AND CARPENTER, A.: El_ciency at sorting cards in compressed

air. Brit. J. Ind. Med., 21: 242-245, 1965.

356. RAHN, H.; AND FENN, W. O.: A Graphical Analysis of the Respiratory Gas Exchange: The O_-

r COz Diagram. Washington: American Physiological Society, 1960.

357. PLAIT, W. L.: The etiology of postdecompression shock in aircrewmen. U.S. Armed Forces Med.

J., 10: 790-805, 1959.

358. RASHBASS, C.: Investigation Into the Decompression Tables, Report 6. RNP-55-847, Royal

Naval Physiological Lab., Alverstoke, Hants, England, Oct. 1955.

359. RASHBASS, C.: Investigation Into the Diving Tables V. U.P.S. 139, D. P. 9, RNP 54/789, Royal

Naval Physiological Lab., Alverstoke, Hants, England, 1954.

360. RASHBASS, C.: The Unimportance of Carbon Dioxide as a Cause of Nitrogen Narcosis. RNP-

55-854, Royal Naval, Physiological Lab., Alverstoke, Hants, England, Oct. 1955.
361. READ, J.: Effect of a combined treatment with 8-ethoxycaffeine and argon on the roots of Vicia

faba. Nature, 181:616-617, 1958.

362. RIGGS, D. S.; AND GOLDSTEIN, A.: Equatio n for inert gas exchange which treats ventilation as

cyclic. J. Appl. Physiol., 16:.531-537, 1961.

363. RINEHART, R. a.: Influence of oxygen, helium, and metabolic inhibition on x-ray induced dom-

inant lethality in stage 7 and stage 14 oocytes of Drosophila melanogaster. Genetics, 49:

855-863, 1964.

364. RINFRET, A. P.; AND DOEBBLER, G. F.: Physiological and Biochemical Effects and Applications,

in Cook, G. A. (ed.), Argon, Helium, and the Rare Gases. Vol. II. Interscience Publishers,

New York, 1961, pp. 727-764.

365. RIVERA, J. C.: Decompression Sickness Among Divers: An Analysis of 935 Cases. NEDU-RR-

1--63, Navy Experimental Diving Unit, Naval Weapons Plant, Washington, D.C., Feb. 1963.

366. ROnIE, R. R.; LOVELL, F. W.; AND TOWNSEND, F. M.: Pathological findings in three cases of de-

compression sickness. Aerospace Med., 31: 885-896, 1960.

367. ROTH, E. M.: Bioenergetic Considerations in the Design of Space Suits for Lunar Exploration.

NASA SP-84, 1965. i

368. ROTH, E. M.: Some Theoretic Aspects of the Use of Inert Gases in Sealed Cabin Environments.

Rep. AF-SAM-58-152, USAF School of Aviation Medicine, Brooks AFB, Tex., Nov. 1959.



REFERENCES

369.ROTH,E.M.:Space-CabinAtmospheres.PartI. OxygenToxicity.NASA-SP-47,Lovelace
FoundationforMedicalEducationandResearch,Albuquerque, N. Mex., 1964.

370. ROTI-I, E. M.: Space-Cabin Atmospheres. Part II. Fire and Blast Hazards. NASA-SP-48,

Lovelace Foundation for Medical Education and Research, Albuquerque, N. Mex., 1964.

371. ROUGHTON, F. J. W.: Diffusion and chemical reaction velocity in cylindrical and spherical sys-

tems of physiological interest. Proc. Roy. Soc., B, 140: 203-229, 1952.

372. RUMBAUGH, D. M.; AND TERNES, J. W.: Learning-set performance of squirrel monkeys after

rapid decompression to vacuum. Aerospace Med., 36: 8-12, 1965.

373. RUTZ, L. O.: Diffusion of Hydrocarbon Gases and Vapors Through Microporous Media. Ph. D.

thesis, State University of Iowa, 1958.

374. RUTZ, L. O.; AND CULLINS, T. E.: Diffusive Leakage of Atmospheric Gases Through Metallic

and Non-Porous Media. SM-44530, Douglas Aircraft Co., Santa Monica, Calif., 1963.

375. SARGENT, R. L.: Speech during respiration of a mixture of helium and_oxygen. Aerospace Med.,

34: 826, 1963.

376. SARCENT, R. L.: Speech Intelligibility During Prolonged Exposure to Helium-Oxygen.

MR005.14-1001-4.02, Memo Rep. 63-8, Naval Medical Research Lab., Groton, Conn., May 13,

1963.

377. SAYERS, R. R., AND YANT, W. P.: The value of helium-oxygen atmosphere in diving and caisson

operations. Anesthesia and Analgesia, 5: 127-138, 1926.

378. SAYERS, R. R.; YANT, W.; AND HILDEBRAND, J.: Possibilities in the Use of Helium-Oxygen

Mixtures as a Mitigation of Caisson Disease. Rep. of Investigations No. 2670, Department of

the Interior, Feb. 1925.

379. SCHARFSTEIN, H.; GUTSTEIN, W. H.; AND LEWIS, L.: Interaction of Boundary Layer Flow

With Arterial Walls. AIAA%4-217, presented at 1st AIAA Annual Meeting, Washington,

D.C., June 29-July 2, 1964.

380. SCHENCK, H., JR.: Physics and physiology in diving decompression. Am. J. Phys., 21: 277-

280, 1953.

381. SCHLOESING, T.; AND RICHARD J.: Recherche de l'argon dans le gas de la vessie natatoire de

poissons et des physalies. Compt. Rend. Soc. Biol., 122: 616, 1896.

382. SCHOENBORN, B. P.: Binding of xenon to horse hemoglobin. Nature, 208: 760-762, Nov. 1965.

383. SCHOENBORN, B. P.; WATSON, H. C.; AND KENDREW, J. C.; Binding of xenon to sperm whale

myoglobin. Nature, 207: 28-30, July 1965.

384. SCHOENBORN, B. P.: AND FEATHERSTONE, R. n.: Influence of xenon on protein hydration as

measured by a microwave absorption technique. Nature, 202: 695%96, 1964.

385. SCHREINER, H. R.; The General Biological Significance of Metabolically Inert Gases. Presented

at the 1st European Congress of Anesthesiology, Symposium on Mechanisms of Anesthesia,

Sept. 6, 1962.

386. SCHREINER, H. R.: Biological Atmospheres Research, Linde Division, Union Carbide Corp.,

Tonawanda, N.Y., personal communication, 1964.

387. SCHREINER, H. R.: Other Biological Effects of the Noble Gases, in Proceedings of the XXII

International Congress, International Union of Physiological Sciences. Vol. I, Pt. 2, Leiden,

Holland, 1962, pp. 535-539.

388. SCHREINER, H. R.; Physiological Effects of Argon, Helium and the Rare Gases. TR-NR-102-

597, Linde Co., Tonawanda, N.Y., Apr. 30, 1964.

389. SCHREINER, H. R.: The Physiological Effects of Argon, Helium and the Rare Gases. L-102-597

(Pt. 2), Union Carbide Corp., Linde Division, Tonawanda, N.Y., May 1965.

390. SCHREINER, H. R.; AND DOEBBLER, G. F.: A Possible Mechanism for the Biological Activity of

Chemically Inert Gases, in Proceedings, 23d International Congress of Physiological Sciences.

Tokyo, Japan, 1965, p. 64.

391. SCHREINER, H. R.; GREGOIRE, R. C.; AND LAWRIE, J. A.: New biological effect of the gases of the

helium group. Science, 136: 653%54, May 18, 1962.

392. SCHREINER, n. R.; AND KELLEY, P. L.: Computation Methods for Decompression from Deep

Dives. Union Carbide Corp., Linde Division, Tonawanda, N.Y. (to be presented at the Third

Symposium on Underwater Physiology, sponsored by the National Academy of Sciences.

National Research Council and the Offtce of Naval Research, Washington, D.C., Mar. 23-25,

1966).

393, SCHREINER, H. R.; AND GREGOIRE, R. C.: The effect of nitrous oxide on cellular growth. Federa-

tion Proc., 22: 424, 1963.

394. SCHREINER, H. R.; BUCHHEIT, R. G.; CORIO, A. J.; ET AL.: Intracellular effects of helium group

gases. Pharmacologist, 6 (2): 183, 1964.

133



134 PHYSIOLOGICAL FACTORS OF INERT GASES

395. YON SCHR{JTTER, S." Der Sauerstoff in der Prophylaxe und Therapie der Luftdruckerkrankungen,

in Michaelis, M., Handbuch der Sauerstofftherapie. V.A. Hirschwald, Berlin, 1906.

396. SCHUBERT, G.; AND GRUENER, A.: Die Entstehung freier Gase in Blut und Geweben bei rascher

Dekompression. Klin. Wochschr., 18: 988--990, 1939.

397. SCHUBERT, W.: Report on observations on air and gas embolism and experimental decompres-

sion sickness after use of partially new demonstration methods. Int. Arch. Gewerbepath, 20:

261-310, 1963.

398. SEARS, D. F.; AND FENN, W. O.: Narcosis and emulsion reversal by inert gases. J. GeM. Physiol.,

40: 515-520, 1957.

399. SEARS, D. F.; AND GITTLESON, S. n.: Narcosis of paramecia with xenon. Federation Proc., 20:

142, 1961.

400. SHAPIRO, A. H.: The Dynamics and Thermodynamics of Compressible Fluid Flow. Vol. I.

Ronald Press, New York, 1953, p. 359.

401. SHORE, M. L.: Biological applications of kinetic analysis of a two-compartment open system.

J. Appl. Physiol., 16: 771-782, 1961.

402. SIEGERT, C. E.; PETRASH, D. A.; AND OTTO, E. W.: Behavior of Liquid-Vapor Interface of Cryo-

genic Liquids During Weightlessness. NASA-TN-D-2658, National Aeronautics and Space

Administration, Lewis Research Center, Cleveland, Ohio, 1965.

403. SIMONS, D. G.: The "manhigh" sealed cabin atmosphere. J. Aviation Med., 30: 314-325, 1959.

404. SMITH, R. E.; AND MORALES, M. F.: On the theory of blood-tissue exchanges. I. Fundamental

equations. Bull. Math. Biophys., 6: 215-232, 1944.

405. SNYDER, J. F.; AND DUFFNER, G. J.: A Methodological Test of Resistance of Divers to Decompres-

sion Sickness. NEDU-RR-4-59, Navy Experimental Diving Unit, Washington, D.C., 1958.

406. SOUTH, F. E., JR.; AND COOK, S. F.: Argon, xenon, hydrogen, and the oxygen consumption and

glycolysis of mouse tissue slices. J. GeM. Physiol., 37: 335-341, 1954.

407. SOUTH, F. E., JR.; AND COOK, S. F.: Effect of helium on the respiration and glycolysis of mouse

liver slices. J. GeM. Physiol., 36: 513-528, 1953.

408. SRIVASTAVA, B. N.; AND BARUA, A. K.: Thermal conductivity of binary mixtures of diatomic

and monatomic gases. J. Chem. Phys., 32: 427-435, 1960.

409. VON STACKELBERG, n.: Stable gas hydrates. Naturwissenschaften, 36: 327-333, 359-362, 1949.

410. STEHBENS, W. E.; Discussion on vascular flow and turbulence. Neurology, 11 (4) Pt. 2: 66-67,

1960.

411. STEHBENS, W. E.; Turbulence of blood How. Quart. J. Exp. Physiol., 44: 110-117, 1959.

412. STEVENS, C. D.; RYDER, H. W.; FERRIS, E. B.; ET At,.: The Protective Value of Preflight Oxygen

Inhalation at Rest Against Decompression Sickness. NRC-CAM-237, National Research

Council, Committee on Aviation Medicine, Washington, D.C., Dec. 1943.

413. STICKNEY, J. C.; AND NORTHUP, n. W.: Rat LDs0 in explosive decompression. Am. J. Physiol.,

172: 347-350, 1953.

414. STONEMETZ, R. E.; Liquid Cavitation Studies in Circular Pipe Bends. NASA-TN-D-3176,

George C. Marshall Space Flight Center, Huntsville, Ala., Dec. 1965.

1.15. STUBBS, R.: Defense Medical Research Laboratory, Toronto Canada, personal communication,

1965.

416. STUBBS, R. A., AND KIDD, D. J.: A Pneumatic Analogue Decompression Computer. RCAF-

IAM-65-RD-1, RCAF, Institute of Aviation Medicine, Canada, Apr. 1965.

417. SUTTON, B.; DAVlDSON, W. M.; AND TAYLOR, H. J.: Decompression Ratio for Goats Following

Long Exposure and Return to Atmospheric Pressure Without Stoppages. Royal Naval Physio-

logical Lab., RNP 50-582, Alverstoke, Hants, England, 1950.

418. SWEENEY, H. i.: Explosive decompression. Air Surgeon's Bull., 1: 1-4, 1944.

419. TAMMANN, V. G.; AND JESSEN, V.: Concerning the diffusion coef_cient of gas in water and its

dependence on temperature. Z. Anorg. Allgem. Chem., 179: 125-144, 1929.

420. TAYLOR, H. J.: Neurophysiologieal Effects of Nitrogen, in Schaefer, K. E. (ed.), Environmental

Effects of Consciousness. The Macmillan Co., New York, 1962, pp. 47-58.

421. THOMSON, E.: Helium in deep diving. Science, 65: 36-38, Jan. 1927.

422. TIETZE, H.: Teehnische M_gliehkeiten fiir die Konstruktion yon Leichttauchgeriiten mit Kunst-

luftgemischen, in Decompression Sickness, papers given at a conference at the Aeromedical

Institute, Bad Godesberg, Germany, Nov. 16-17, 1962, Bericht No. 258, pp. 47-53.

423. TOBIN, C. E.; AND ZARIQUIEY, M. O.: Arteriovenous shunts in the human lung. Proc. Soc.

Exp. Biol. Med., 75: 827-829, 1950.



REFERENCES

424. TRAMMEL, G. T.: Sound waves in water containing vapor bubbles. J. Appl. Phys., 33: 1662-

1670, 1962.

425. TRAVIS, L. E., ED.: Handbook of Speech Pathology. Appleton-Century-Crofts, Inc., New York,
1957.

426. UHLIG, H. n.: The solubility of gases and surface tension. J. Phys. Chem., 41: 1215, 1937.

427. U.S. NAVY: U.S. Navy Diving Manual. NAVSHIPS 250-538, Washington, D.C., July 1963,

pp. 103, 109, 115, 118.

428. U.S. NAVY: U.S. Navy Diving Manual. NAVSHIPS 250-880, Washington, D.C., 1952.

429. UNTERBERG, W.; AND CONGELLIERE, J.: Zero gravity problems in space powerplants: a status

survey. ARS Journal, 32: 862-872, 1962.

430. VAN AMERONGEN, G. J.: Influence of structure of elastomers on their permeability to gases.

J. Polymer Sci., 5: 307-332, 1950.

431. VAN AMERONGEN, G. J.: The permeability of different rubbers to gases and its relation to dif-

fusivity and solubility. J. Appl. Phys., 17: 972--985, 1946.

432. VAN DER AUE, O. E.; BRINTON, E. S.; AND KELLER, R. J.: Surface Decompression, Derivation and

Testing of Decompression Tables With Safety Limits of Certain Depths and Exposures. Rep.

No. 1, Res. Proj. X-476 (Sub. No. 98), Navy Experimental Diving Unit, Washington, D.C.,

Sept. 1945.

433. VAN LIEW, H. D.: Oxygen and carbon dioxide permeability of subcutaneous pockets. Am. J.

Physiol., 202: 53-58, 1962.

434. VAN SLYKE, D. D.; DILLON, R. T.; AND MARGARIA, R.: Studies of gas and electrolyte equilibria

in blood. XVIII. Solubility and physical state of atmospheric nitrogen in blood cells and

plasma. J. Biol. Chem., 105: 571-596, 1934.

435. VILLARD, P.: Sur quelques nouveaux hydrates de gaz. C.R. Acad. Sci., Paris, 106: 1602, 1888.

436. VIOLETTE, F.: Experimental and Theoretical Study of Explosive Decompression and Its Physio.

logical Effects. Institute of Aeronautical Sciences, Paris, France, 1955.

437. VOHR, J. H.: A Photographic Study of Boiling Flow. NYO-9650, Columbia University, New
York, N.Y., 1963.

438. VAN DER WAALS, J. n., AND PLATTEEUW, J. C.: Thermodynamic properties of quinol clathrates.

Bee., Tray. Chim. 75: 912-918, 1956.

439. WAGGONER, J. N.: AiResearch Manufacturing Co., Los Angeles, Calif., personal communication,
1965.

440. WAGNER, C. E.: Observations of Gas Bubbles in Pial Vessels of Cats Following Rapid Decompres-

sion From High Pressure Atmospheres. Rep. No. 4, Res. Proj. X-284, Naval Medical Research

Institute, Bethesda, Md., Oct. 4, 1944.

441. WALLER, J." New clathrate compounds of the inert gases. Nature, 186: 429-431, 1960.

442. WARD, J. E.: The True Nature of the Boiling of Body Fluids in Space. School of Aviation Medi-

cine, Randolph Field, Tex. (unpublished report).

443. WARD, J. E.: The true nature of the boiling of body fluids in space. J. Aviation Med., 27: 429-

439, 1956.

444. WATHEN-DUNN, W.: Limitations of Speech at High Pressures in a Helium Environment. (To

be presented at the Third Symposium on Underwater Physiology, sponsored by National Acad-

emy of Sciences-National Research Council and the Office of Naval Research, Washington,
D.C., Mar. 23-25, 1966A

445. WEBB, P., ED.: Bioastronautics Data Book. NASA-SP-3006. 1964.

446. WEBSTER, A. P.: Some Theoretical Aspects of the Use of Multiple Gas Mixtures for Deep-Sea

Diving, in Underwater Physiology Symposium. NAS-NRC Publ. 377, National Academy of

Sciences-National Research Council, Washington, D.C., 1955, p. 79.

447. WEBSTER, E.: Cavitation. Ultrasonics, 1: 39-48, 1963.

448. WELCH, B. E.: USAF School of Aerospace Medicine, Aerospace Medical Division, Air Force

Systems Command, Brooks Air Force Base, Tex., personal communication, 1965.

449. WESTERMARK, n.: Arne Zetterstriim in memoriam. Military Surg., 103: 102-103, 1948.

450. WHITE, C. S.: Biological Effects of Blast. Tech. Progr. Rep. on Contract DA-49-146-XZ-055,

Lovelace Foundation, Albuquerque, N. Mex., Dec. 1961 (DASA-1291).

451. WHITELEY, A. H.; AND MCELROY, W. D.: Denitrogenation of muscle and fat tissues of the anes-

thetized cat. Am. J. Physiol., 146: 229-240, 1946

452. WHITTEN, R. H.: Scotoma as a complication of decompression sickness. Arch. Ophthalmol.,
36: 220-224, 1946.

135



136 PHYSIOLOGICAL FACTORS OF INERT GASES

453. WILSON, C. L.: Gaseous Atmospheric Study for the Manned Orbital Laboratory (MOL). Air

Force Systems Command, Andrews AFB, Md., Aug. 4, 1964.

454. WILSON, C. L.: Production of Gas in Human Tissues at Low Pressures. Rep. AF-SAM-61-!05,

USAF School of Aerospace Medicine, Brooks AFB, Tex., Aug. 1961.

455. WISE, D. A.: Constitutional Factors in Decompression Sickness. Res. Rep. 2-63, Navy Experi-

mental Diving Unit, Washington, D.C., Apr. 1963.

456. WITHERSPOON, J. D.{ WIENERS, J. E.: HIESTAND, W. A., AND HEIMLICH, A. H.: Decompression

of mice in atmospheres containing helium or argon in place of nitrogen. Aerospace Med., 35:

529-532, 1964.

457. WITTENBERG, J. B.: The secretion of inert gas into the swim bladder of fish. J. Gen. Physiol.,

41: 784-804, 1958.

458. WITTENBORN, A. F.: An Analytical Development of a Decompression Computer, in Lambertsen,

C. J. and Greenbaum, L. J. (eds.), Second Symposium on Underwater Physiology. NAS-

NRC Pub. 1181, Washington, D.C., 1963.

459. WITTMER, J. F.: Pathogenic Mechanisms in Gas and Fat Embolism. Rev. 4-62, AF-SAM-

School of Aerospace Medicine, Brooks AFB, Tex. 1962.

460. WOOD, W. B.; LEVE, L. H.: AND WORKMAN, R. D.: Ventilatory Dynamics Under Hyperbaric States.

Res. Rep. 1--62, Navy Experimental Diving Unit, Washington, D.C., May 15, 1962.

461. WORKMAN, R. D.: Calculation of Air Saturation Decompression Tables. Res. Rep. 11-57, Navy

Experimental Diving Unit, Washington, D.C., June 20, 1957.

462. WORKMAN, R. D.: Navy Experimental Diving Unit, Naval Station, Washington, D.C., personal

communication, 1965.

463. WORKMAN, R. D.- Calculation of Decompression Schedules fi)r Nitrogen-Oxygen and Helium-

Oxygen Dives. NEDU-RR-6-65, Navy Experimental Diving Unit, Department of the Navy,

Washington, D.C., May 26, 1965.

464. WORKMAN, R. D.: Studies of, Decompression and Inert Gas-Oxygen Mixtures in the U.S. Navy,

in Lambertsen, C. J., and Greenbaum, L. J., Second Symposium on Underwater Physiology.

NAS-NRC Pub. 1181, Washington, D.C.. 1963, pp. 22-28.

465. WORKMAN, R. D.: BOND, (,. F.: AND MAZZONE, W. F.: Prohmged Exposure of Animals to Pres-

surized Normal and Synthetic Atnmspheres. Rep. No. 374, Naval Medical Research l.ab.,

New London, Conn., Jan. 26, 1962.

466. WORLEY, T. W., JR.: School of Aerospace Medicine, Brooks AFB, Tex., personal communication,

1965.

467. WRIGtIT, R. A.: I,ESSI,ER, n. A.: AND WEISS, n. S.: Metabolism and X-ray sensitivily of chick

embryos incubated in a helium-oxygen atmosphere. Aeroslmce Med., 35: 284, 1964.

468. WULF, R. J.; AND FEATHERSTONE, R. M.: A correlation of van der Waals conslatlls with anesthetic

potency. Anesthesiology, 18: 97-105, 1957.

469. WUNSCHE, O.: Experimentally indueed localization of decompression phenomena in man during

ascent to simulaled ahitudes. Intern. Z. Angew. Physiol.. 20: 21.3-222. 1964.

470. WYMAN, J., JR.; SCHOLANDER, P. F.: EDWARDS, (_. A.: AND IRVINg;, L.: On the stability of gas

bubbles in sea water. J. M,rine Ben. 11: 47-62, 1952.

471. YAZDOVSKIY, V. I.; MANSUROV, A. B.; AGADZHANYAN, N. A.; AND TSIVILASHV1LI, A. S.: The

Effect of Explosive Decompression on the Organism. JPRS-13562, U.S. Department of Com-

merce, Joint Publications Research Service, Washington, D.C., Apr. 24, 1962, pp. 1-9.

472. YEH, S-Y." AND PETERSON, a. E.: Solubility of carbon dioxide, krypton, and xemm in aqueous

solution. J. Pharm. Sci., 53: 322-324, 1964.

473. YEn, S-Y.: AND PETERSON, B. a.: Solubility of carbon dioxide, krypton, and xenon in lipids.

J. Pharm. Sci., 52: 453-458, 1963.

474. YOUNG, D. R.: AND COOK, S. F.: The effect of helium on the gas exchange of mice as modified by

body size and thyroid activity. J. Cell. Comp. Physiol., 42: 319-325, 1953.

475. YOUNG, J. A.; MANHEIM, A.; AND FLINN, R. A.: Preliminary observations of the respiratory effecls

of neon. Guthrie Clin. Bull., 33: 30-38, 1963.

476. ZAL'TSMAN, (_. L.: AND ZINOV'EVA, l. D.: Comparative Determinations of the Permissible Super-

saturation Value of the Human Body With Indifferent Gases Under Different Conditions, in

Brestkin, M. P. ted.), The Effect of the (;as Medium and Pressure on Body Functions. Collec-

tion No. 3, NASA-TT-F-358, Washington, D.C., 1965, pp. 28-33.

477. ZETTERSTRiiM, A.: Deep-sea diving with synthetic gas mixtures. Milit,ry Snrg., 103: 104-106,

1948.
U.S. GOVERNMENT PRINTING OFFICE : 1967 OL--ZgE-RZR



*'The aeronautical and space activities of the United States shall be

conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof."

•---NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered

important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless of

importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distribu-

tion because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Scientific and technical information generated

under a NASA contract or grant and considered an important contribution to
existing knowledge.

TECHNICAL TRANSLATIONS: Information published in a foreign

language considered to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information derived from or of value to NASA

activities. Publications include conference proceedings, monographs, data

compilations, handbooks, sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech-

nology used by NASA that may be of particular interest in commercial and other
non.aerospace applications. Publications include Tech Briefs, Technology

Utilization Reports and Notes, and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546


